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FOREWORD

The Third Plowshare Symposium was held
April 21-23, 1964, in Freeborn Hall at the Univer-
sity of California's Davis Campus. It was spon-
sored by the Department of Applied Sciences, Col-
lege of Engineering, Davis;the American Society
for Engineering Education;the American Nuclear
Society; Lawrence Radiation Laboratory, Univer-
sity of California; and the U. S. Atomic Energy
Commission.

The theme, "Engineering with Nuclear Ex-
plosives," reflected the major objective of the
Symposium; informing engineers in industry, in
the military, in educational institutions, and in
government agencies throughout the world of the
current state-of-the-art from an engineering

iii

standpoint. The need for such an information ex-
change had been felt for some time by most or-
ganizations engaged in Plowshare activities. Since
the last Plowshare Symposium in 1959, observa-
tion of a large number of nuclear detonations has
established the reliability of predictions concern-
ing the effects of nuclear explosions. The reli-
ability of these predictions has a direct bearing
on the use of nuclear explosions for civil and in-
dustrial purposes. .

This Symposium was attended by 700 visitors
and drew world-wide attention. Other nations
represented at the sessions included the United
Kingdom, France, Australia, Canada, Mexico,
Switzerland, South Africa, Austria, and Israel.
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INTRODUCTION

Richard Hamburger

U.S. Atomic Energy Commission
Division of Peaceful Nuclear Explosives
Washington, D.C.

One of the measures of man's material pro-
gress is the amount of energy at his disposal.
Early man had only his muscles to do work for
him. Then domesticated animals furnished addi-
tional energy which could be used for his welfare.
Mechanical inventions such as the wheel, the
wedge, and the pulley added efficiency to this use
of muscle power. The harnessingof water power
to the wheel provided man with additional energy.
Today energy from many sources are available.
One family of important energy sources is explo-
. sion. For instance I drove to this meeting in a
car powered by exploding gasoline. Let's look
briefly at the history of explosions.

Gunpowder, the granddaddy of all explosives
was probably known by the Chinese as early as
1000 AD(1), quite late in time as the history of
mankind goes. By 1259 they were using gunpowder
in a bamboo gun. In 1250 AD Roger Bacon, an
English monk, discovered how to mix s;iltpeter
with charcoal and sulphur to make black powder,
and within a few years, the cannon was invented,
followed in time by hand held firearms. Demand
for these arms required a greater supply of iron
and brass, which in turn simulated mining activi-
ties. In 1627, 377 years after Roger Bacon first
made his black powder, a Hungarian engineer,
. Kaspar Weindl firstused it for peaceful purposes.
He placed the black powder in the cracks in the
rock. Hisblast broke as muchrock asthe miners
couldbreak in many days. It is interestingto note
that the value of Weindl's discovery was increased
many times over by the associated activities which
allowed the miner to use this discovery efficiently
and to handle the extraore that wasbroken. Thus
rock drills replaced picks and wedges. Haulage
was improved to handle the increasing volume of

(1) One Thousand Years of Explosives by
William S. Dutton, 1960

ore which became available. Increased efficiency
allowed the mining of lower grade ores. The abil-
ity to mine lower grade ores meant that the total
resources available for use were increased many
times, '

In 1846 nitroglycerin was discovered. By
1860 Nobel discovered how to produce nitroglyc-
erin in quantity. In 1866 he discovered how to
make dynamite. During World War I TNT came
into use. )

There are today many types of high and low
explosives in use, fromnitroglycerin to fertilizer
gradex ammonium nitrate. There are solid explo-
sives, jellied explosives, and liquid explosives.
Explosives come packaged in cartridges pellets,

powder, and like putty so that it can be shaped.
Although most explosives are used in mining,

quarrying, and construction their versatility is
great. Explosives are used to start reluctant oil
wells flowing. Farmersuse explosives to remove
tree stumps andto dig ditches. Inproduction proc-
esses they are used for the explosive forming of
metals. Small charges help rescuers find those
lost at sea. The geologist and geophysicist use
explosives as seismic sources to learn about the
structure of the earth and tolocate oil fields. One
could go on for quite a while.

In 1945 the first nuclear explosive was de-
tonated (2), Like chemical explosives nuclear ex-
plosives will eventually have many obvious peace-
ful uses. When in 1627 Weindl made the first
peaceful use of black powder he started a whole
new technology. So when you think of peaceful
uses fornuclear explosives think of them not only
as larger sticks of powder, though they are also
that, but as the start of a new technology, I am
sure that some of the greatest benefits of nuclear

(2) The Effects of Nuclear Weapons, April
1962, p. 672




tion from activities like this symposium will help
us find a place for nuclear explosives in industry
in less time.

explosives will come from applications which have
not yet been conceived.

It took 600 years for miners to make use of
black powder. I hope the availability of informa-
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THE PLOWSHARE PROGRAM - HISTORY AND GOALS

Gerald W. Johnson

Associate Director for Plowshare
Lawrence Radiation Laboratory
Livermore, California

The applied nuclear age began a little over
twenty years ago when a small group of scientists
led by Enrico Fermi demonstrated the controlled
release of fission energy on a minute but meas-
ureable scale under the football stands at the
University of Chicago. Thebasic nuclear science
on which this accomplishment depended was pro-
vided through fifty years of prior fundamental re-
search which culminated in early 1939 in the key
discovery of the fission process and the possibil-
ity of a chain reaction. Because soon after we
were involved in a major war of survival, and one
of the enemies had the potential of ''getting there
first," the overriding initial objective in the use
of this new form of energy was properly that of
building a bomb. This was, as we all know,
crowned with success, and the war was promptly
ended. -

The military, political and social impact of
this development is difficult to assess in all of its
ramifications, but it was enormous. The impor-
tant technical fact was that a single bomber ca-
pable of delivering about ten tons of explosive on
target suddenly was able to deliver a load more
than 1000 times greater--and this in the first ru-
dimentary developmental step. The implications
of thisled first to an approach whichis still being
pursued--to develop, if possible, political con-
trols with respect tothe use of this force for war-
fare. The other factor that was brought out at the
same time was the potential of the new source of
energy for other purposes, namely power pro-
duction and ship propulsion, It was the recogni-
tion of both the military and civil potentials of
nuclear energythat led tothe establishment of the
basic policy of the United States as set forth in
the Atomic Energy Act, first enacted in 1946 and
periodically amended. In the declaration of the
Act it is noted that "atomic energy is capable of
application for peaceful as well as military pur-

poses.'" In additionthe stated policy of the United
States is: . -

"a, The development, use, and control of
atomic energy shall be directed so as to
make the maximum contribution to the
general welfare, subject at all times to
the paramount objective of making the
maximum contributionto the common de-
fense and security; and

"b. The development, use, and control of
atomic energy shall be directed so as to
promote world peace, improve the gen-
eral welfare, increase the standard of
living, and strengthen free competition
in private enterprise."

Following the passage of this Act in 1946, in-
creasing attention was devoted to nuclear power
development and ship propulsion. Major accom-
plishments were recorded in both. The ship
propulsion to date has been most significant for
submarines--and coupled with advances in other
fields, has provided a most powerful deterrent
force.

With the entry of the Soviet Union into the
nuclear weapons field in 1949, and in view of their
open political and military aggressiveness, it was
againnecessary to devote urgent attentionto meet-
ing the "paramount objectives.' This threat and
our resulting activities led totwo important tech-
nological steps which are relevant to the present
discussion, These were: (1) the achievement of
the thermonuclear, or fusion, explosion, and (2)
the demonstration of the clean homb--which meant
merely that the fission contribution to the explo-
sion could be small. The significance of these
two steps was that, first, fusion fuels were much
cheaper and more abundant thanfission fuels, and
secondly, the lower fission contribution led to a
reduction of the generation of those radioactivities
considered to be most difficult to control.




It was recognition of these factors, coupled
with the concerns raised by the Suez crisis inthe
Fall of 1956, which led Dr. Harold Brown to con-
sider the possibility of using nuclear explosions
to excavate an alternate sea-level canal across
Israel to by-pass the Suez canal in the event it
was for any reason rendered unusable.

Motivated by this possibility, Dr. Brown or-
ganized a secret meeting in February of 1957 in-
volving the joint participation of the Los Alamos
Scientific Laboratory, the Sandia Corporation lab-
oratory, andthe Lawrence Radiation Laboratory--
all of which were operating under prime contracts
with the Atomic Energy Commission. At that
meeting a wide variety of the possible applica-
tions of nuclear explosives were discussed. Some
prominence was given tothe possibility of nuclear
excavation for such projects as the removal of
earth cover to expose ore for open pit mining,
the construction of water storage basins, and the
digging of canals and harbors. Rather detailed
feasibility and cost analyses were included of the
construction of sea-level canals across the Amer-
ican Isthmus. Attention was called repeatedly to
the necessity for and also the probability of suc-
cessful development of much cleaner explosives
than the tested technology then provided. Such
explosives were required in order to achieve cer-
tainty that nuclear excavation could be accom-
plished without the need for excessively large
control of areas for a long time after the event
while one waited for radioactivity todecay or dis-
perse. The magnitude of the area and time re-
quired for control clearly would have a major
impact on feasibility and cost.

Other possibilities which were described in-
clude the production of power by repeated explo-
sions in large containers underground--a project
which even at that time did not appear very at-
tractive; increasing oil production through frac-
turing; and crushing ores underground to permit
mining or in-situ leaching. Various scientific
experiments were suggested to study the earth's
structure, properties of interplanetary space, and
to provide neutron sources for study of the nu-
cleus. Discussions were devoted to isotope pro-
duction and recovery with particular focus on
fissionable material production.

The Suez crisis faded but the idea of Plow-
share had been securely planted. Under the in-
spired leadership of Dr. Harold Brown and with

the enthusiastic support of Professor Ernest O.
Lawrence and Dr. Edward Teller, a group was
formed in the Summer of 1957 at the Lawrence
Radiation Laboratory to explore the whole range
of potential engineering uses of nuclear explo-
sives; and inthe same year the Program was for-
mally established by the Atomic Energy Commis-
sion. Since then the Program has received the
active and enthusiastic support of the Atomic
Energy Commission and the Joint Coramittee on
Atomic Energy of the Congress. Up to that time
all nuclear detonations, except for two shallowly
buried military effects experiments in Nevada,
had been fired either near the surface or atrela-
tively high altitudes in the atmosphere. There
was no experience withunderground explosions at
depths to produce craters of maximum dimensions
or at greater depthsto confine the explosion. The
explosive technology under the pressure of mili-
tary needs and with an active laboratory and test
program, had made important advances.

At about this same time (1957) it had become
apparent that consideration ought to be given to
the possibility of testing nuclear weapons under-
ground at the Nevada Test Site. The prime in-
centive for this approach was to reduce operational
delays of the highly instrumented experiments,
which were then conducted on towers up to 700
feet high. The fallout fromthese events was such
that long delays were often incurred waiting for
favorable meteorologyto assure the deposition of
the radioactivities in allowed sectors. Also, pri-
marily because of the fallout, large organizations
had to be mobilized, and the tests had to be con-
ducted in short, highly compressedperiods. This
approach to development testing was costly, in-
efficient, and tended to be dramatic with all its
adverse public reactions. For all of these rea-
sons, following a suggestion of Dr. Edward Teller
and Dr. David Griggs, the first contained exper-
iment, RAINIER, was designed and executed in
September 1957. This experiment was completely
successful and demonstrated the feasibility of
underground nuclear weapons testing. RAINIER
was followed a year later by other detonations
with yields up to 20 kilotons that tended to confirm
the predictions based on the RAINIER experience.
It was indicated that tests up to several hundred
kilotons could be safely conducted underground at
the Nevada Test Site. With the resumption of
testing in 1961, the underground techniques were




perfected. Experiments are now being carried
out routinely and tests up to about 200 kilotons
have been sucessfully and safely fired.

The success of the RAINIER event and its
analysis led to further speculations as to engi-
neering uses of contained explosions. The general
range of ideas were first reported publicly at the
Atoms for Peace Conference in Geneva in the Fall
of 1958 and further expanded in an article which
appeared in the Scientific American of December
1958. The ideas discussed were earth-moving,
water storage underground and recharging of aq-
uifers, shattering oil shale and retorting in place,
recovery of oil fromthe Athabasca tar sands, re-
covery of geothermal heat, generation of power
from heat deposited in formations like salt or
limestone, isotope production, and recovery of
copperby in-situleaching. Evaluations and mod-
ifications of these suggestions as well as the status
of the technical background were discussed in de-
tail during the Second Plowshare Symposium,
which was open to the public, and was held in San
Francisco, California, from May 13 to 15, 1959.

These were the ideas and the avenues of ap-
proach being studied when the nuclear weapons
test moratorium began on November 1, 1958. In
defining the United States position on the discus-
sions at Gereva, President Eisenhower proposed
that the Plowshare experiments be exempted from
any agreement to suspend the testing of nuclear
weapons. These experiments wereto open to ob-
servation by invited representatives of other na-
tions and the results were to be fully disclosed
through the scientific press.

But such was not to be the case--the mora-
torium infactprecluded all nuclear tests until the
resumption of nuclear weapons testing in the Fall
of 1961, three years later. Thus, the advance of
Plowshare was delayed for that period of time; and
as a matter of fact, no nuclear experiment had
been conducted for Plowshare purposes prior to
the moratorium. During the moratorium period,
however, detailed studies of several projects were
carried out, most notably the Transisthmian canal
studies, and a substantial chemical explosives
cratering program was executed. The cratering
program established scaling laws and provided an
empirical basis for the design of nuclear experi-
ments, as well as development of a theory. De-
tailed plans were developed to conduct a major
excavation experiment in 1960 on the northwest

coast of Alaska. That experiment was succes-
sively delayed through the moratorium period and
now has been largely overtaken by events.

President Eisenhower did authorize construc-
tion of a site near Carlsbad, New Mexico, to con-
duct a deeply buried shot in a dry salt bed to ex-
plore the feasibility of isotope and power recovery
and to conduct nuclear experiments. This event,
GNOME, the first Plowshare experiment, was
carried out on December 10, 1961. Also, during
the following summer, on July 6, 1962, a large
nuclear cratering experiment at 100 kilotons was
conducted at the Nevada Test Site. A military
shot early in 1962 at 400 tons in basalt provided
the first nuclear cratering information in a hard
dry rock. Thus, the resumption of testing per-
mitted the extensionof nuclear cratering informa-
tion into the region of practical interest in one
medium, and also to a new medium. The atmos-
pheric test ban treaty has again apparently fore-
closed, forthe time being at least, the opportunity
to proceed vigorously with the nuclear cratering
program.

The resumption of underground and atmos-
pheric testing in 1961 did provide the opportunity
to make progress in-the development of much
cleaner nuclear explosives, a need that was rec-
ognized from the inception of the Plowshare Pro-
gramto be a necessary steptoward practical uti-
lization of the explosives for excavation. After
two years of work, by the end of 1963, it had be-
come clearthat this program had made a success-
ful start--the projected fallout in excavation proj-
ects could be 100 times less than that forecast at
the close of testing in 1958. Of course, had the
nuclear test moratorium not intervened, this re-
sult would have been available to us much earlier.
The improvement of explosives--to make them
cleaner and cheaper and to assure their perform-
ance and reliability in production prototypes--is
an important goal of the present program, and
much of this canbe accomplished under the pres-
ent treaty.

At the onset of the moratorium in 1958 expe-
rience with contained nuclear explosions had been
obtained only in tuff at the Nevada Test Site. Ex-
ploration and analyses of these tests provided con-
siderable insight into the effects of nuclear explo-
sions in this medium and did form the technical
basis for suggestions of possible applications of
underground explosions. Serious limitations in




. tions,

making projections resulted primarily from the
fact that tuff was not representative of the media
of practical interest, i.e., hard, igneous rock
(mining), limestone (oil shale, chemical reac-
power), and salt (power, isotope produc-
tion). As mentioned previously, a shot in salt
was prepared for during the moratorium and finally
executed on December 10, 1961. Another test
was prepared for during the moratorium as part
of the program to study detection of nuclear ex-
plosions. Suchatest would influence the develop-
ment of provisions of the then discussed compre-
hensive test ban. This test, of great interest also
to Plowshare, was designed to be conducted in
granite and preparations were made for its execu-
tion. This experiment was conducted soon after
the resumption of testing in February of 1962. In
addition to these events, a large nuclear weapons
test program was undertaken in the alluvium (a
lightly cemented sand and gravel) at the test site,
and underground explosions up to about 200 kilo-
tons have been successfully contained.

As a consequence of these events, we now

" have available phenomenological data on explo-

sions in tuff, alluvium, granite, and salt. The
only major natural media yet to explore are ade-
composing material like dolomite or limestone,
and perhaps one of the hydrocarbon-bearing media.
Fromthe interpretation of the results from these
explosions some of the early suggestions as to
possible applications appear more favorable and
others less.

It might be of interest to you to know that by
the end of this fiscal year (July 1, 1964) the Amer-
ican Congress will have appropriated a total of
about $45, 000, 000 for this program. Atthe pres-
ent time the budget is running at about $12, 000, 000
annually. In addition to the AEC program, the
Corps of Engineers initiated a program to study
the engineering aspects of excavation and are op-
erating at about $1, 000,000 annually, exploring
such questions as modeling with high explosives,
slope stability and participating in general engi-
neering projects.
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CHARACTERISTICS OF NUCLEAR EXPLOSIVES

W. J. Frank

Lawrence Radiation Laboratory, University of California
Livermore, California

ABSTRACT

The characteristics of nuclear explosives of
particular interest to mining and public works con-
struction are cost, diameter, and radicactivity pro-

Nuclear explosives were developed for mili-
tary purposes; you would expect most of the tech-
nical details to be classified, and they are. How-
ever, if nuclear explosives are going to be used
in mining and public works construction, a few
technical facts will have to be made available. The
most important facts are the size (the diameter,
in particular), the cost, and the radioactivity
produced.

A nuclear explosive produces its energy by
two processes: the fission of uranium and pluto-
nium, and the fusion oftwo isotopes of hydrogen--
deuterium and tritium. The tritium is contributed
by the splitting of the lighter isotope of lithium
(Li®). While most of the radioactive by-products
of a nuclear explosion come from fission, neu-
trons from the thermonuclear reactions can in-
duce activity inthe materials of the assembly and
the surrounding medium. :

The traditional unit for measuring nuclear
explosive energy is the kiloton. It is equivalent
to one trillion (1012) calories or 1.2 million kilo-
watt hours. For comparison: one of the largest
electrical generating plants in-the Bay Area pro-
duces a kiloton of energy every 20 minutes, while
every 10 minutes the sun deposits on the order of
a kiloton of energy on this Campus (the University
of California, Davis). A pound of uranium has
about 8 kilotons of potential fission energy; a pound
of thermonuclear fuel has about three times that
amount in potential fusion energy. )

The adjective 'uncontrolled' has often been

applied to the energy from nuclear explosives. .

Actually, this energy is as controllable as that
from any explosive, as controllable as the gaso-
line and air mixture used to run your car engine.

duced. The relationship between these properties is
discussed in general terms within the limits of
classification. A few specific data points are given.

You can meter out the amount of energy tobe re-
leased; you can designate the location of release;
you can determine the time of release. The only
point of uncontrollability is in the fact that you
can't change your mind and turn off the energy
release halfway through the explosion.

Nuclear explosives can be designed to opti-
mize some single property. If you want an espe-
cially large external source of neutrons to use in
measuring cross sections, we can enhance that
property. If you want a very high internal neu-
tron flux to produce special isotopes by neutron
absorption, we can achieve that goal. I a small
diameter is very important to you (as it often is
in military applications), we can design for that.
If your most important requirement is low cost,
we can give priority to that feature. Often there
are trade-offs between properties inthese special
designs.

Several examples of trade-offs in early in-
dustrial applications suggest themselves. For
excavation, the design must reach a compromise
between diameter (emplacement cost), explosive
cost, and radioactivity produced (safety cost).
For deeply buried applications, the emphasis will
be on small diameter over explosive cost and
radioactivity produced. For certain mining ap-
plications, you may wishto minimize tritium pro-
duction to avoid ground water contamination or
ventilation problems -on re-entry. In this case,
a design with a high percent of fission yield may
be acceptable since the fission products will be
trapped inthe melted rock and, if necessary, per-
sonnel can be shielded from the radiation.

For excavation explosives, the cased diam-
eter required for the emplacement hole would




range from 36 inches for 100 kilotons to 48 inches
for 1 megaton, while the produced radioactivity
would be on the order of afew kilotons of equiva-
lent fission yield. (I use the words 'produced
radioactivity' or 'equivalent fission yield' to refer
to the total gamma ray dosage produced.) To
simplify production and design, the excavation
explosives would have quantized yields; a typical
sequence of yields might be 100 kt, 200 kt, 500 kt,
1 Mt, and so on. Since crater dimensions are
determined both by yield and burial depth, the
effect of the fixed yields can be compensated for
by changes in burial depth.

For mining and deeply buried applications,
the explosive diameter could be as small as 1 foot
for 10 kilotons, or 2 feet for 1 megaton. ‘

The cost of special nuclear materials runs
like this: the AEC sells U-235 and buys reactor
plutonium for about $5,000/lb. Each potential
kiloton of yield costs about $600. Thermonuclear
fuel, fortunately, is a good deal cheaper. The
Oak Ridge isotope book lists Li6D at about $2500/
1b. Its cost is only around $100 for each potential
kiloton of yield. It is perhaps fortunate that most
of the 'bad' properties of nuclear explosives
(namely, high cost and radioactivity) are associ-
ated with just one item~-fissile material. We can
thus concentrate our research on reducing or
eliminating this material from our designs, and
hold out the hope that both these problems will
dwindle and may in time disappear.

Plowshare nuclear explosives are expensive
for a number of reasons. The nuclear materials
{Pu, U, LiD) are expensive; they are difficult to
handle and require special techniques. The pro-
duction runs for Plowshare projects will involve
only small numbers of explosives; further, they
involve precision tooling and gauging, and 100%
inspection on all parts. Finally, there are the
problems introduced by security. _

Let's compare nuclear explosives on a cost
per pound basis with some other items made in
small production runs. A Rolls Royce costs about
$4/1b, as opposed to the mass produced car at
$1/1b. Precision measuring instruments are $10-
15/1b, while machine tools like lathes and jig
grinders are $3-6/1b. The rather rare powered
sailplane costs $19/1b, as compared with a Piper
Super Cub at $8/l1b. Reactors and reactor parts
have many production problems in common with
nuclear explosives. Their costs range from sev-
eral hundred dollars per pound for complete

reactor coresto $40/1b for replacement core ele-
ments. Nuclear explosives now range near the
top of this spectrum. As the Plowshare program
progresses from the 20 devices for Carryall to
the 300 needed for atrans-Isthmus canal, perhaps
production economies will allow us to move from
Rolls Royce prices to Chevrolet prices.

I doubt that you will ever be able to buy nu~
clear explosives at your neighborhood hardware
store. It seems unlikely that the government will
allow such overwhelming packages of energy to
circulate freely. In1958 the AEC established the
principle of providing anuclear explosive service.
The user provides the site and the cased hole, The
AEC provides the explosive. Since the AEC has
recently released a new policy statement on pro-
jected charges for nuclear explosives, I would
like to close this paper with that statement.

AEC POLICY STATEMENT

As a partof its Plowshare Program to inves-
tigate and develop peaceful uses for nuclear ex-
plosives, the AEC has encouraged industry and
other groups to participate inthe program by an-
anyzing the possible uses of nuclear explosives in
their specific fields. To allow such investigations
the Commission, in 1958, released, within the
limits permitted by the national defense and se-
curity, a schedule of cost estimates for nuclear
explosives and related services, including safety
studies.,

Since that time, improvements have been
made both in the design of nuclear explosives and
intheir emplacement, as well as inthe technology
of the explosion and its effects. One of the most
significant technological advances has been in the
development of thermonuclear explosives with
very low fission yields. Also, costs of safety
studies, which were included in the 1958 charges,
can be accurately estimated only for each indivi-
dual situation. These developments indicate that
the charge for nuclear explosives ultimately de-
veloped for peaceful uses will cost less than pre-
dicted in 1958,

Consequently, the Commission has revised
its estimates and now projects acharge of $350, 000
for a nuclear explosive with 10-kiloton yield and
$600,000 for a nuclear explosive of 2-megaton
yield. Interpolations may be made for other yields
based on a straight line drawn between these two
charges on semi-logarithmic paper, as shown on
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Fig. 1. Projected charges for thermonuclear explosives.

Figure 1. These charges cover nuclear mate-
rials, fabrication and assembly, and arming and
firing services. Significant related services
which are not covered by these projected charges
are safety studies, site preparation including con-
struction of holes, transportation and. emplace-
ment of the devices, and support. For such of
these related services as are supplied by the AEC,
the user would be expected to pay full cost in ac-
cordance with the present AEC policy. These
costs depend significantly on the number of ex-
plosives detonated at one time. )
These projected charges are released only
for use in feasibility studies and evaluations and
are based on a projection to a time when explo-
sives will be prodiced in quantity for routine com-

mercial utilization. Nevertheless, the Commis-
sion believes that these projected charges are
sufficiently representative of the future situation
to warrant their use in feasibility studies. At
the present time, the Commission is not author-
ized to supply nuclear explosives and related
services on a commercial basis, although the
Commission may engage in research and develop-
ment arrangements, including demonstrations of
a particular peaceful application for nuclear ex-
plosives.

The Commissionbelieves that more research
and development is needed before any routine
commercial applications are practical. There-
fore, the Commission will continue to work with
other groups in studying the contribution their




proposals for projects could make tothe research
and development program. It is expected that
technical and economic information can be de-
rived from such projects tohelp develop and dem-
onstrate peaceful uses for nuclear explosives. In
such projects it canbe expected that the Commis~
sion will negotiate the charge to be made for the
nuclear explosives and related services based
upon a number of factors, including the nature of
the contribution by the other party, the economic

value of the project to the other party, and the
value of information to be received by the Com-
mission. Although the projected charges dis-
cussed above might be used as abasis for discus-
sion of costs to be assumed by the AEC in such
projects, it should be recognized that the costs
to be assumed by the AEC as finally negotiated
might be significantly different from the projected
charges.
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HEAVY ISOTOPE PRODUCTION

BY NUCLEAR DEVICES

D. W. Dorn

Lawrence Radiation Laboratory, University of California
Livermore, California

ABSTRACT

Since the 1952 thermonuclear detonation, ‘‘Mike,’’
there has been interest in use of nuclear explosives
to achieve very high neutron exposures, greatly in
excess of those available from reactors. Fields which
could benefit from these grossly increased fluxes

periments in this field. A figure of merit for these
shots is the ratio of the amount of elements produced
with mass number equal to 246 to that of mass num-

ber 245. This ratio, R, depends sensitively on the
fhermol flux achieved.

: Sponsoring _A=24¢ Implied thermal flux
Shot Laboratory Date R=A=245 (moles n/zm?2)
Mike LASL 11/52 0.38 2.0
Anacostia LRL 11/62 0.48 2.5
Kennebec LRL 6/63 0.69 4.7
Anchovy LASL 11/63 0.4 2.0

are: nucleogenesis, nuclear structure of the very
heavy elements, fission processes, stability trends
in the heavy nuclei, and chemistry of new elements.
Counting Mike, there have been four successful ex-

In November 1962 an event took place which
was to have a profound effect on political align-
ments of the world. This event was the detona-
tion of "Mike," the first large thermonuclear
device, The political implications of this exper-
iment overshadowed what, to many of us, has
come to be a major advance in the development
of scientific tools. By this I mean the experi-
mentally verified, extremely high thermal neu-
tron flux observed in Mike. Subsequent to this
observation, the Atomic Energy Commission
established a study program to investigate this

particular characteristic of nuclear devices..

Under the program, Los Alamos Scientific Lab—
oratory and Lawrence Radiation Laboratory,
Livermore, have studied the mechanisms of high
fluxes, capture systematics, general stability
characteristics, and more specifically, nuclear
design to accomplish this massive neutron irra-
diation, ' '

Utilization of these grossly increased fluxes
can be expected to significantly advance under-
standing in many fields. For instance, in cos-
mology, the study of nucleogenesis has always
been difficult because of the lack of controlled

11

Since Mike, all experiments have used devices of low
yield which can be reodily contained underground.
Conceptual designs now exist which should be able
to give considerably higher neutron exposures.

experimental techniques of investigation. With
the advent of these high-flux "machines" it will
now be possible to simulate the supernova R pro-
cess (neutron capture on a rapid time scale) and
to study relative abundances of highly neutron-
rich nuclides. This will cast light on naturally
occurring processes and will assist in interpret-
ing naturally occurring mass ratios. Also, in
the study of nuclear structure, branching ratios
for the various modes of decay (alpha, beta, and
spontaneous fission) give important information
on the influence of single-particle structure on
energy levels of these complex nuclei. Johanssonl
and Zamick? have had some success in attribut-
ing nuclear properties, in the region of uranium
and beyond, to specific' shell model configur-
ations. In addition, Perlman3 has suggested
that the short time scale involved in these cap-
ture processes may ''freeze in" high spin states.
That is, successive capture of neutrons may
synthesize metastable states of high angular mo-
mentum, ‘

Another use of this high flux is the synthesis
of samples of spontaneously fissioning odd-A
(non-zero spin) nuclei. Observationofthe angular




correlation of fission products will give infor-
mation on shapes of nuclei at or near scission
(the moment of actual fission), and will contrib-
ute to our knowledge of the fission processes.
Understanding stability trends of these super-
heavy nuclei has also proven to be an extremely
difficult problem. Foreman and Seaborg4_ob—
served a correlation of the drop in spontaneous
fission lifetimes with the minor shell of 152 neu-
trons (Fig. 1). . Other investigators 29712 pave
considered this and other problems of these nu-
clei. Werner and Wheeler, ~“ for example, have
treated general stability characteristics of super-
heavy nuclei (Fig. 2). Conclusions reached in
that work way be modified by composition-

dependent terms as pointed out by Brandt, et al. 13
Difficulties in extrapolations like these are dem-
onstrated by Fig. 3 which shows the unphysical
precipitous drop14 of the spontaneous fission
lifetimes of uranium isotopes with increasing A.
Investigation of stability trends using nuclear de-
vices can be expected to differentiate between
the presently existing theories and to stimulate
new ideas. Mass formulas have been developed
by many people, 15-18 byt here again, the range
of validity should probably be restricted to near
the known nuclei. Extension -of the data will
contribute significantly to our knowledge and
understanding of the mass surface. Finally, the
chemistry of these new elements is extremely
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interesting. Lawrencium is thoughtto be the last
member of the actinide series; therefore, it is
important to verify the predicted different chemi-
cal properties of elements 104 and beyond.
Comparing the relative neutron flux in Mike
and in, for example, the HFIR (high flux isotope
reactor at Oak Ridge), shows that, on a consist-
ent model, Mike calculates to have given about 2
moles of neutrons per square cm (Fig. 4), while
a full year irradiation in the HFIR gives about
0. 15 mole per square cm. In addition, if a typi-
cal capture path for a reactor passes through
a nuclide with either a high destruction cross
section or a short spontaneous fission half-life,
further irradiation of the sample may prove
fruitless. An example of this is the high losses
occurring in reactors at californium 254. This

set of problems is exchanged for an unknown but

presumably different set when we use a nuclear
device (the new problems include mainly the
question of the systematics of capture and de-
struction cross sections, and decay rates for
increasing mass number of the same element).

13

Figure 5 contrasts the capture paths followed in
a reactor with those in a nuclear device.

There have beenfour successful experiments
in the Atomic Energy Commission's heavy ele-
ment program. In evaluating these, a useful fig-
ure of merit is furnished by the ratio of the total
amount of elements produced. with mass number
equal to 246 to that of mass number 245. Since
these mass numbers consist mainly of plutonium
and americium isotopes, their radiochemical
detection is straightforward, and a high degree
of confidence can be placed in the ratio. To ob-
tain the thermal flux implied by this ratio, we
can either calculate explicity, as in Ref, 13, or
make an approximate analytic calculation as fol-
lows:

R = P A v T4
-N245 1+ e—20¢__ 96 o ¢
where o = 0. 4b; 0244 = 0246 =0, 0245 = 20
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244
Un,2n:0f=0; N -

s/og (1 - e‘”‘ﬁt); ¢ is
thermal (10 keV) flux. Figure 6 gives results of
the approximate calculation. As can be seen
from Table I, a significant improvement in ther-
" mal flux has been achieved. Concurrently with
this, a factor of about 1000 decrease in yield
has also taken place. Effects of this reduction
in yield are most dramatically shown by a com-
parison of Fig. 7 which shows the '"Mike' exper-

14

iment results at the Bikini atoll and Fig. 8 which
is an overview of a typical test area at the Neva-
da Test Site. Figure 9 shows a comparison of
the element yields of one of the experiments with
the Mike results,

As in any other development program, many
problems remain, The extreme conditions exist-
ing in thermonuclear devices make it difficult to
predict, with any degree of confidence, actual
configurations and conditions. In addition, in a

=



typical underground experiment at the Nevada
Test Site, the reclaimed fraction of the device
is of the order of 1010, The fact that this frac-
“tion is so minute requires extremely sophisti-
cated radiochemical techniques for the isolation
and detection of new nuclides. Past experiments

have served mainly to define relevant physical
parameters; further experiments involving de-
signs presently being studied both at Los Alamos
Scientific Laboratory and Lawrence Radiation
Laboratory should be able to give considerably
higher neutron exposures.
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Fig. 5. Comparison of capture paths followed in a reactor with those followed in a nuclear

device.
Table I. Heavy-elements program experimental data.
Sponsoring ' R _A=246 Implied thermal flux

Shot Laboratory Date T A=245 (moles n/ cm?)
Mike LASL 11/52 0.38 2.0
Anacostia LRL 11/62 0.48 2.5
Kennebec LRL 6/63 0.69 4.7
Anchovy LASL 11/63 0.4 2.0 @
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APPLICATIONS OF NUCLEAR EXPLOSIVES TO MEASUREMENTS

T OF NEUTBON INTERACTIONS BY FOIL ACTIVATION:

THE ""WHEEL” METHOD

G. A, Cowan

Los Alamos Scientific Laboratory, University of California
Los Alamos, New Mexico

ABSTRACT

Neutrons from nuclear explosions which are re-
solved in energy by time of flight can be observed
directly by measurement of o current output from a
svitable detector, or indirectly by delayed counting
of activation products in a foil detector. The foil
technique requires rapid transport of detector mater-
ial past a collimating slit and has been dubbed the
‘‘wheel”’ method. This method is particularly advan-
tageous where subsequent radiochemistry is neces-
sary for further discrimination of a complex neutron
interaction, as in measurement of individual fission
product yields as a function of neutron energy. Another
advantage is that the necessary field equipment is
relatively simple. lts chief disadvantage is that, for
statistics equivalent to the direct’ method, channel
acceptance widths must be an order of magnitude
larger and achievable neutron energy resolution is
correspondingly poorer. In addition, there are many
neutron intferactions of interest which can be ob-

served directly, but which produce no useful activa-
tion product.

The very large fluxes of energy-resolved

neutrons which are available from nuclear explo-

sions provide an opportunity to use aform of data
recording which is impractical for neutron time-
of-flight measurements in the laboratory. I am
referring to data obtained by foil activation tech-
niques in which the neutron interaction produces
a radioactive nucleus. This radioactive product
is subsequently recovered and counted in the lab-
oratory. When this technique can be used, it has
certain advantages to recommend it:

1. Fast detector and data recording equip-

ment are minimized.

*This work performed under the auspices of the
U. S, Atomic Energy Commission.
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In the ‘‘wheel’’ method, the collimating slit

width, speed of the wheel, and distance from the
source ordinarily define the energy resolution since
the pulse width at neutron energies of 100 eV and
higher is not a limiting factor. At 300 meters from
the source, a detector velocity of 3x 104 cm/sec,
and «a colhmcmng slit width of 0.1 cm, the energy
resolution available is (3.1X 102 Eﬁ/z)%
0.3% at 100 eV. The resolution avmluble from a
direct recording method, at a pulse width of 2X 10-7
sec and a corresponding channel width, is an order
of magnitude better. Below 10 eV, due to pulse
broadening- of the neutrons by moderation, the two
methods have comparable resolution.

The ‘‘wheel’’ method has been used in three
exzperimenfs to measure the symmetry of fission in

at individual resonances and in one experiment
to measure resonance capture cross sections of a
variety of elements. Some representative results are
discussed.

2. Subsequent radiochemistry candiscrim-
inate between complex neutron interac-
tions, as inthe measurement of individual
fissionproduct yields or the simultaneous
measurement of (n, 2n), (n,p), and (n,a)
cross sections.

3. Counting of multiple samples can pro-
vide redundant data with a consequent in-
crease in confidence level. '

However, the activation technique will fre-

quently not be the method of choice because it de-
mands large amounts of laboratory work compared
to direct electronic data recording and usually
requires larger channel acceptance widths for
comparable statistics. In addition, there are
many neutron interactions of interest which can




be observed directly, but which produce no use-
ful activation product.

We will consider a nuclear explosion which
produces a pulse of neutrons of assorted energies
which is 10~7 second FWHM. The time required
for a neutron of energy Ep to reach the target over
a flight path of length Dis t = D/VnEl/ 2, Then
~dt/dE = - D/2VnE3/2. The detector materjal is
transported past a collimating slit of width w at
a speed Vyp. Neutrons of a given energy will
interact with the detector at a distance S from
the starting point (the position of the detector
when the explosion went off) given by S = Vwh
t = Vyp D/VREY/2,  Then dS/dE = - Vgy D/

2Vn~E3/2. At 300 meters from the source, with

a detector velocity of 3 x 10% c¢m/sec and a col-
limating slit width of 0.1 cm, the energy resolu-
tion available is (3.1 x 1072l 2)%; e.g., 0.3%
at 100 eV. These conditions define a channel ac-
.ceptance width of 3.3 usec. This is about ten
times wider than the over-all pulse width which
is intrinsically available from the initial pulse
width plus moderation time at 100 eV. The mod-
eration time increases inversely with the square
root of neutron energy but is comparable to the
channel width only below 1 eV. Thus, over most
of the epithermal region, the resolution is deter-
mined by the channel width and is, for the condi-
tions given here, 10 nanoseconds per meter.

A 10-kt explosion can provide about 1011
neutrons/cm2-eV at 100-eV energy at 300 meters
distance. If the detector is 1% black for a given
neutron reaction, and the slit-width corresponds

to 0.3 eV at 100 eV, then the number of neutron
interactions in a channel width is 3 x 108/ecm2, a
number adequate to provide 1% or better statistics
in reasonable counting times unless the product
has a very long half-life or is produced only a
very small fraction of the time.

My own experiments with these time-of-flight
energy-resolved neutrons were conducted in the
following way: moderated neutrons from the nu-
clear explosion were collimated and fell on a wheel

- which rotated rapidly past the collimating slit. In
the Gnome experiment the wheel velocity and slit
width defined a channel acceptance width of 34
usec.

Exposed U235 metal foil attached to the wheel
was autoradiographed and resonance fission bands
showed as discrete bands defined by the collima-
tor. These bands were cut out and analyzed for
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fission products representative of both asymmet-
ric and symmetric modes of fission, typically
Mo99 and Aglll, The data from the Gnome ex-
periment indicated increases in yields of sym-
metric fission products as compared to thermal
fission at fourlevels in the neutronenergy region
8.8 to 40 eV. Thirteen levels showed a decrease
in symmetry. The relative frequency of sym-
metric fission varies by nearly a factor of two
from level to level. I has not yet been demon-
strated that this effect is spin dependent.

The "wheel" technique was also used by Law-
rence Radiation Laboratory experimentalists in
the Gnome event to measure the neutron capture
excitation functions of U238  Th232, Au197, and
Hf180  Each of the neutron capture products from
these target isotopes is abeta-emitter of reason-
able half-life and canbe measured either by radio-
chemical analysis or by direct foil counting. Both
methods were used in this experiment. Since the
objective was to measure capture cross sections,
it was necessary to know the neutron flux as a
function of energy. The system designed to raea~
sure this flux consisted of a He3 scintillation
counter with photomultiplier outputs displayed on
oscilloscopes and recorded on film. These film
records were lost when sufficient radioactive de-
bris vented to fog the emulsions.

Althoughno absolute cross sections were ob-
tained fromthe experiment, the data demonstrated
good resolution of the well-known resonances in
U238 in the 20 to 100 eV region. The absence of
neutrons at energies below 10 eV indicates clo-
sure of the pipe, premature closure of a B10neu-
tron shutter across the collimating slit, or a high
moderator temperature. It is one of the limita-
tions of this method that fluxes of neutrons below
10e.eV will fall off sharply due to the difficulty of
keeping moderator material in the vicinity of a
kiloton nuclear explosion sufficiently cold. Where
neutrons are required in the few eV region, it
may be necessary to use devices of fractional .
kiloton yield and to utilize a shorter flight path.

- In the next wheel experiment, planned for
this spring, we expect to characterize several
resonances in plutonium fission by their sym-
metry. Some work at the MTR reactor in Idaho
indicates that the effect fromlevel tolevel will be
an order of magnitude greater than in U2ss,
may be possible to conclude that the effect on sym-
metry is spin-dependent or is the consequence of
changes in multiple channels available for fission
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for characterization of the spins of a large num-
ber of levels in fissile elements.

at each resonance. I the effect is demohstrated
to be spin-dependent, it will be a useful means
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ABSTRACT

The use of underground nuclear explosions as
pulsed neutron sources for neutron measurements is
discussed. Comparisons are made with laboratory neu-
tron sources and the types of measurements espec-
ially suvited to the explosion source are described.
Before the explosion source can be exploited proper-
ly, many questions must be answered concerning pro-

INTRODUCTION

Except in selected energy ranges, monoener-
getic neutron sources are not available. Conse-
quently, many cross-section measurements must
be made with continuous spectra of neutrons. I
order to obtain a cross section as a function of
neutron energy, a method must be devised to sort
out the neutrons sothat effects maybe studied one
energy atatime. The pulsed-beam time-of-flight
method has been used for several decades as a
solution to this problem. Neutrons are produced
inbursts. The source maybe a reactor, in which
case the beam may be mechanically chopped by a
high-speed rotor. The source may be an accel-
erator which can be arranged to produce neutrons
in bursts of any desired duration and repetition
rate. The neutron detector is located at a dis-
tance from the source and the neutrons from one
burst arrive at the detector at different times,
depending upontheir velocities. The arrivaltime
therefore measures the energy of the neutron. An
example of a cross-section measurement is the
measurement of a fission cross section. A thin
layer of fissionable material is deposited on a
.metal backing. A detector of fission fragments,

such as a solid state detector, is placed near the

fissionablelayer. The detector responds prompt-
ly with a pulse for each fission fragment which
‘strikes it. The time between production of the
neutron burst and the detector pulse is measured
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duction and use of beams from these sources. An out-
line is presented for a program of studies of detec-
tors and neutron beam characteristics. This program
will develop some of the techniques necessary to use
nuclear detonations in measurements which cannot
be carried out in the {aboratory.

and the event is recorded in the appropriate time
channel of a multichannel time analyzer. Each
time channel corresponds to a different neutrcn
energy. Thenumber of events recorded in a chan-
nel is proportional to the number of neutrons of
that energy which struck the fissionable material
and to the fission cross section. An additional
detector which makes use of a known cross sec-
tion is used to monitor the number of neutrons
corresponding to each time channel.

Anuclear explosionproduces an intense burst
of neutrons in a fraction of a microsecond. It is
possible to use these neutrons in time-of-flight
experiments which are analogous to the laboratory
experiments that we have just described. The
differences in techniques in the two cases result
primarily from the very intense pulse produced
by the explosion relative to the intensities pro-
duced by accelerators. Cross-section measure-
ments with explosion sources generally involve
such alarge number of events in a short time that
our detectors cannot analyze each nuclear event
separately, but must produce a signal which is
proportional tothe rate at which these events are
taking place. We can usethe example of a fission
cross—-section measurement again. Let's assume
we place our sample of fissionable -material afew
hundred meters from an underground nuclear ex-
plosion. We provide a flight path in vacuum for
a narrow beam of neutrons which traverse the
sample. Our solid state detector is placed out-




side of thebeam butnear the sample where it can
catch fission fragments. A few microseconds
after the explosion, the fastest neutrons begin to
arrive. Fission events are produced in the sam-
ple. Each fragment which strikes the detector
produces a small amount of charge (a few uuCou-
lombs), but the rates are so high (10~ per micro-
second) that a current is produced at the output
of the detector whose amplitude is proportional to
the product of neutron flux and fission cross sec-
tion. A record of this current as a function of
time allows the calculation of the cross section as
a function of neutron energy.

Now let's compare laboratory sources and
explosion sources. Explosion sources provide us

with neutrons having energies from a few tens of.

electron volts to 14 million electron volts (MeV).
Two types of accelerators are neededto coverthe
same range. Above 100 thousand electron volts
(keV) the Van de Graaff accelerator is the most
useful. Monoenergetic neutrons can be produced
and the entire range canbe covered with an energy
resolution better than 1%. On the other hand, the
source strength is low if the neutron energy spread
is kept low. The total number of neutrons pro-
duced per year by a Vande Graaff machine is less
than 1016, The explosion source can produce a
few moles of neutrons per pulse since we get about
1024 neutrons for each 4 kilotons of yield. The
energy resolution which can be achieved with the
explosion source depends upon flight path, and
with underground explosions is 1/2 to 5% at 14
MeV compared to 1/10 to 1% with the Van de
Graaff. At the lower energies below 1 MeV, the
explosion source has better resolution than the
Van de Graaff even at a short flight path such as
100 meters.

At energies below 100 keV, the best labora-
tory machines for producing neutrons are electron
linear accelerators operating at 20 to 50 MeV and
proton accelerators operating at a few hundred
MeV. These machines produce continuous spectra
and are more easily compared to the explosion
source because time of flight techniques are used
with both. The accelerators can produce some-
thing like 1021 neutrons per year, compared to
1024 per pulse for the explosion. The pulse dur-
ation is similarfor each. If a neutron moderator
is used to intensify the low-energy neutrons, the
pulse duration is determined by the moderator.
When unmoderated sources are used, 1/10-
microsecond resolution is commonly used with
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accelerators and can also be achieved with ex-
plosion sources. Energy resolutiondepends upon
the pulse duration and the flight path. The usual
figure of merit is the time resolution divided by
the flight path. The longest flight paths on ac-
celerators are about 300 meters. This would be
an average path for an explosion source. The
resolution for both systems is similar, although
the explosion source has enough intensity to make
longer flight paths possible. The intensity of the
neutron emission from the source is very differ-
ent in our two examples. All 1024 neutrons are
emitted from the explosion source in less than
10'7 second to produce a source strength of 1031
neutrons per second. The accelerator produces
1012 neutrons per burst, which amounts to less
than 1020 per second. The repetition rate of 10
to 1000 pulses per second from the accelerator
compares to a few per year for the explosion
source.

RELATIVE USEFULNESS OF LABORATORY
AND EXPLOSION SOURCES

Advantages of the Explosion Source

Now that we have listed the main character-
istics of our source, let's compare it to other
methods of cross-section measurements. First,
we'll look at the advantages of the bomb source.
We will list these advantages as:

1. good resolution

2. high average rate of production of neu-

trons

3. high instantaneous flux.

If we are talking about 0.1 nsec/m resolution, the
explosion doesn't have any overwhelming advan-
tage. For example, the time-of-flight setup at
Columbia University's Nevis cyclotron has about
this resolution for their total cross-section meas-
urements in the energy region from a few eV to
100 keV. It is worth noting, however, that the
Columbia group is working ontotal cross sections
rather than partial cross sections for which in-
tensity is often a serious problem. In the MeV
region we can have about 2-1/2% energy resolu-
sion at 14 MeV. This is not as good as can be
obtained with a thin target on a Van de Graaff,
but it is as good or better than most cross-section
measurements because of intensity problems when
measuring partial cross sections. Let's con-




clude, then, that we have no great advantagé over-

existing accelerators so far as energy resolution
is concerned.

Our next advantage is high average rate of
production of neutrons. The number of neutrons
produced in afew bomb shots is much higher than
the number produced in a year by any accelerator.
The advantage is onlytwo orthree orders of mag-
nitude over the best electron linacs. It is even
possible that a proton accelerator which was de-
signed specifically for use as a pulsed neutron
source might begin to approach the ‘bomb source
in average production rate. However, no such
machine now exists and we should expect that
measurement of some of the partial cross sections

which require hopelessly long running time on .

accelerators will be done with bomb sources.
The first two ""advantages'' are important, but
not overwhelming. The third is the most impor-
tant. The neutron production rate at a few moles
'in 0. 1 microsecond exceeds 103 neutrons /second.
We need not consider any competition from ac-
celerators in instantaneous flux. Ultimately,
then, we must expect the most spectacular nuclear
explosion experiments to be those which exploit
the high fluxfrom this source. One type of meas-
urement which can be made only with explosion
sources is measurement of cross sections of highly
radioactive samples in which the background pro-
duced in adetector by the source greatly exceeds
the desired effect produced by the laboratory neu-
tronbeam. Inthis casethe intense flux is crucial.
An example of a measurement of this type would
be the capture cross sections of Pa233 or of some

of the fission products. Another would be the
neutron-induced fission cross section of Cm?244

or Cf292,

To summarize the discussion of advantages,
we can expect bombs to help produce good reso-
lution measurements of cross sections requiring
large integrated fluxes and especially cross sec-
tions of very radioactive materials.

Disadvantages

Now, to be honest, we must list some of the
disadvantages of using explosion sources for
cross-section measurements. We will grade
them from unimportant to sometimes crucial dis-
advantages:

1. field work away from home
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2. one-shot affairs with no chance of cor-
recting mistakes as an expériment pro-
gresses

3. large numbers of experiments and exper-
imenters to produce conflicts in meas-
urements '

4. no possibility to record individual events
and hence no pulse-height analyses or
coincidence criteria.

First, let's dispose of No. 1. A reasonable
program of measurements on three or four shots
per year would take one away from the Labora-
tory for about as much time as we spend at meet-
ings like this. Iet's guess about a week in the
tield per shot. Even though this may be a little
optimistic, it is not a major factor in any program
and it is similar to the way many groups make
measurements on accelerators away from their
home laboratories. .

Now consider No. 2. It is true that these ex-
periments are one-shot affairs. However, they
are only a little more extreme than a session on
an accelerator. Remember that we would plan to
space our shots as uniformly as possible and that
one can repeat his experiments about as often as
accelerator people do on the elaborate time-of-
flight setups. These experimenters must not have
any major errors in setup when they go on the
machine for a 2-weekrun. For both the explosion
and the accelerator experiments, a lot of very
careful testing inthelaboratory is in order before
the final "run' is made. It is true, however, that
minor faults can be corrected in the laboratory
experiments during a run and that one must be
more careful in prerun testing of equipment on
the bomb shots.

Our third disadvantage is more real. The
effort involved in producing a good collimated beam
is large enough that there will always be a tend-
encyto get as many simultaneous experiments as
possible on each shot. The result is aformidable
problem in being sure that every one 'gets the
word." Fortunately, our test divisions have been
working under these conditions for many years
and seem tobe very proficient at minimizing con-
fusion,

Al]l of the preceding 'disadvantages' were
really nuisances —not serious disadvantages. The
fourth is a genuine disadvantage. At the very high
fluxes we use, it is hopelessto make use of much
of the information concerningthe reactions which
are taking place in our detectors. We cannot




measure the energy released in individual events in
order to bias out certain backgrounds. Neither
can we make use of coincidence requirements to
select the type of events we want. While our high
beam intensities override certain types of back-
ground (sample-associated), we have fewer means
of discrimination against other kinds of background
(beam-associated). Furthermore, some types of
experiments become impossible. An example
would be the detection of (n,2n) reactions by ob-
servation of pairs of neutrons.

NECESSARY DEVELOPMENTS TO PRECEDE
A NUCLEAR MEASUREMENT PROGRAM

Detector Development

The detectors which will be used in cross-
section measurements mustbe capable of operat-
ing at very high output currents. Individual events
will not be recorded. We will require a large
number of events in one resolvingtime which can
be as small as 10~ second. Furthermore, the
nature of the neutron spectrum requires a very
large dynamic range for the detectors because the
amplitude of the detector signal will vary not only
in proportion to the cross section being studied,
but also in proportiontothe rate of arrival of neu-
trons, In extreme cases.we may require that a
detector be linear over a factor of 104 in output
current. Such a range may extend from 1 milli-
ampere to 10 amperes. It is also important that
the detector operate properly at alow signal level
even though the signal may have been a hundred
times larges afew microseconds earlier. Inother
words, a large pulse in the detector must not be
followed by even a 1% 'tail" that lasts as long as
afew microseconds. Rather little is known about
detectors when operated under these conditions.
It does seem likely that some type of solid state
detector will be satisfactory for many applica-
tions. We are able to duplicate some of the con-
ditions in the laboratory by subjecting the detec-
tors to intense pulses of charged particles from a
Van de Graaff. With these methods we have been
able to rule out some types of detectors as can-
didates for fielduse, butthere remain some which
seem likely tobe satisfactory if used with caution.
We plan to develop solid state detectors for pro-
tons, alphaparticles, fissionfragments, and gam-
ma rays.
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Nevtron Beam Characteristics

One standard problem in all pulsed-beam
time-of-flight systems with continuous spectra is
the problem of beam purity. All neutrons are
emitted fromthe source in a short period of time,
They have a continuum of energies which become
sorted out over the long flight path so that the time
of arrival of a neutron at a detector is a measure
of its energy. Ifthe source were apoint source and
no scattering material existed, the arrival time
would be an ideal measure of velocity, the uncer-
tainty in velocity being only the At during which
neutrons were emitted. Actually, our source (the
same as an accelerator source) is surrounded by
a great mass of shielding material. The neutrons
can bounce around the room which contains the
source and finally scatter downthe evacuated flight
path. The extra distance covered while scatter-
ing about the room produces a longer flight path

~and hence an error in the measure of the energy

of these neutrons. A similar, but smaller effect,
iz produced by neutrons which scatter from bomb
materials to produce anerror inflight path. Scat-
tering from the walls of the collimater produces
a small error in flight path, but if the neutrons
are inelastically scattered part way down the path
a large change in energy is produced which de-
stroys the relationship between energy and time
for these neutrons. This beam purity problem is
afamiliar one for experts inthe accelerator time-
of-flight business. The very long flight paths
available with explosion experiments and excel-
lent shielding along this path are favorable cir-
cumstances for the design of a collimator. We
have every reason to believe that we can produce
a beam of neutrons of about 1 square centimeter
which will have very little contamination of "wrong
energy' neutrons.. Of course it remains neces-
sary that we demonstrate this fact and also that
we have a measure of this contamination in order
to handle properly the subtraction of backgrounds.,
Some of the techniques for investigating beam
purity have been well worked out in the resonance
region (up to 10 keV) which has been covered with
continuous sources. The sort of distortions which
are produced by scattering in the vicinity of the
source produce a low-energy 'tail" on a reso-’
nance and are best studied by observing the dis-
tortion and broadening of a very sharp isolated

=
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resonance. - The effect of scattering far from the
source is studied byblacking out the beam at cer-
tain resonances with a scattering sample which is
thick (that is, transmits no neutrons at resonance),
but is fairly transparent at most energies. The
rate of detection of neutrons at resonance where
no correct energy neutrons can reach the detector
gives a measure of the fraction of the heam which
consists of '"bad" neutrons. In the MeV region,
collimators are studied in the laboratory with
monoenergetic sources, using the time of flight
to measure -contamination of the beam. Since we
cannot obtain a monoenergetic source from a nu-
clear explosion, we will be forced to develop some
new techniques. While some time may be re-
quired, Ihave no doubt that the necessary meas-
urements of beam purity can be made at all en-
‘ergies. Most of our first experiments will have
to be concerned with investigations of detector
response and of beam quality.

Data Storage

Those programs which use accelerators for
pulsed sources generally have data storage and
processing as a major part of the job. Typically,
a week or two on an accelerator produces enough
data to bury the experimenter for months. The
problem may be at least as severe for the explo-
sion source work because several orders of mag-
nitude more neutrons are produced and a much
larger energy range can be covered at once. At
this point we derive some advantage from the fact
that we don't have to handle individual events. We
receive from the detector an analog signal whose
amplitude is associated with the quantity we wish
to measure. It is notnecessary to sort and store
each of the millions of events which occur. This
fact reduces the complexity of the data collecting
equipment, but the storage andprocessing remain
formidable. ' ‘

A well-developed data storage procedure for
bomb tests uses oscilloscope recordings. Apho-
tograph of an oscilloscope trace is actually a rather
efficient method of storage. With care it is pos-
sible to record both vertical and horizontal posi-
tions of an oscilloscope spot to one partin athou-
sand. This allows one -millionbits of information
to be stored on the photograph. One makes the
necessary compromise between the number of
horizontal (time) points he wants to record and the
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precision (number of vertical points) in signal am-
plitude and applies several traces to one oscillo-
scope by use of multiple sweeps and multiple
beams. Itis clear that a lot of useful data can be
recorded with oscilloscopes, but probably a better
method for the future will involve magnetic stor-
age of some sort. Magnetic tapes are improving
infrequency response sothat in afew years it will
probably be possible to record on tape or drums
at the desired rate. In the meantime, oscillo-
scopes will allow us to record the necessary in-
formation to perform our preliminary experi-
ments.

LASL PROGRAM

Several groups at Los Alamos are involved
in preparations for cross-section measurements
with explosion sources. In general, they are di-
rected toward understanding the behavior of var-
ious types of detectors and to measurement of the
quality of thebeam emerging fromthe collimating
system. Some prototype experiments are planned.
These will consist of measurements of well-known
cross sections in an effort to make a proof test of
an experimental system. A realistic time scale
for development of the necessary methods of meas-
urement is about a year, with three or four shots
involved. In that time, not all problems will be
solved and probably not all of the desirable detec-
tors will be developed, but we should know enough
by then to start getting some very interesting re-
sults. Any little tidbits of new information we
might glean in a shorter time will be appreciated,
but we don't expect very much in a short time.
Naturally, there won'tbe a magic date after which
all our problems are solved. Onthe contrary, the
methods mustundergo continuous development so
that after we learn to do some measurements re-
liably, our program will consist of some measure-
ments of cross sections by methods already under-
stood while at the same time we will be working
on new methods for other kinds of measurements
which we don't yet know how to do.

SUMMARY

In summary, nuclear detonations supply a
very intense burst of neutrons which in many ways
should prove tobe superior to conventional accel-
erators for neutron cross-section work. The most




attractive applications will consist of measure- working on three or four shots, we probably can

ments on highly radioactive samples. Another start getting new cross-section data in a year's
category will be certain partial cross sections time. The data can be the sort that are needed
which require alarge number of neutrons. Energy for weapon and reactor development as well as for
resolution will be as good or better than can be basic nuclear physics, and which are not likely to
obtained in the laboratory. If a vigorous program be obtainable in any other way in the foreseeable
is undertaken now with a dozen staff members future.
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ABSTRACT

A nuclear explosion is particularly suited to
checking whether or not light velocity is independent
of frequency. This question is of some interest when
the radiation beam passes close to the sun. Such a
check wopld put to the test a postulate of general

THE CONSTANCY OF LIGHT VELOCITY

In an extremely brief time a nuclear explo-
sion emits electromagnetic radiation ranging from
y raysdown. If such a device is detonated in free
space, the theory of relativity predicts that, save
for those wavelengths long enough to be affected
by the few free electrons between source and ob-
servers, there will be nodispersion of the signal.
The constancy of light velocity has been verified
before, but a nuclear explosion is particularly
suited for such an experiment: the rise time of
the pulse is of the order of 108 second and if the
separationbetween bomb and observer is several
hundred times that from earth to the moon, the
ratio of emission pulse to transit time is of the
order of 10719, Those frequencies for which free
space at the orbit of the earth appears to be an
absolute vacuum spans a ratio of 101 or 1013,

Hence, one should be able to verify the constancy

of light to 1 part in 1010 over a major portion of
the frequency spectrum.

There is a natural phenomenon that mlght al-
low similar accuracy. This is the supernova,
which may have a characteristic rise time in the
order of hours and a transit time of 107 years: a
ratio of emission to transit time of 10710 A1-
though the spectrum observed on earth ranges
only from red to violet, space satellites could

examine energies up to x-rays. Also, in some
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relativity which has never been explicitly verified.
This and other experiments could be made more in-

teresting by emitting a greater fraction of the energy
in the radar spectrum. A method of accomplishing
such experiments will be discussed.

part of the spectrum the emission rise time
could well be of the order of seconds, and more
distant supernovae might be observed: a ratio of
10714 or better might be possible. Unfortunately
for the experimenter, the supernova is arare oc-
currence, a typical galaxy may produce only one
such event in a thousand years. Since the time
sequence of emission in various wavelengths is
not known, supernovae at different distances would
have to be compared. To increase the observed
frequency of such events, many galaxies must be
watched from satellite stations. This introduces
uncertainties as to where in a galaxy the explo-
sion occurs, through what material the light pas-
ses, and the precise length of the transit time.
Further, the intrinsic mechanism of the super-
nova is not well understood: there might well be
more than one characteristic sequence of events
giving rise to a variety of emission curves. In
any case the investigation of supernova explosions
in the whole electromagnetic spectrum is a most
exciting task for the astronomer.

'THE EFFECT OF FREE ELECTRONS

A second and concurrent experiment would
easily yield information as to the density of free
electrons in space. The group velocity of electro-
magnetic radiation in space is knownto depend on




the free electron density as
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frequencies can determine the intervening elec-
tron density integrated over the path of the ray.

Consider a bcemb in an orbit about the sun
which is similar to the earth's orbit. When the
bomb is almost directly opposite the earth, it is
detonated. The radiation, observed by a series
of satellites (see Fig. 1) will give the integrated
electron density about the sun, for
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Unless the dependence of n on position is
known, this definite integral cannot be calculated.
However, the observed delays at the various fre-
quencies will give information about the electron
density near the sun. If the experiment is per-
formed during both quiet and active solar years,
the changes in electron density can be measured.

The electromagnetic waves that can be used
for such an experiment are limited by the atten-
uation which they experience in transit. (A fur-
ther consideration is thatthe wave canbe no longer
than the characteristic length of the sphere of
emission, say 100 cm.) As the wavelength ap-
proaches that corresponding to the plasma fre-
quency, a greater fraction of the energy resides
in the polarization of the electrons —if then the re-
laxationtime of the electrons isless than one cy-
cle, this energy canbelost in electron collisions.
Atthe plasmafrequency, the wave ceases to prop-
agate; at frequencies somewhat greater than the
plasma frequency, the wave is rapidly absorbed.

At shorter wavelengths, the high conductivity of
the plasma makes the j2/0 losses negligible.

LIGHT VELOCITY IN A
GRAVITATIONAL FIELD

In contrast to the many independent experi-
mental verifications of special relativity, general
relativity has been confirmed in only four funda-
mentally independent experiments. One basic
postulate of the general theory is that, no matter
how alight ray isbent by a gravitational field, the
velocity is independent of frequency. It is pro-
posed to test this prediction.

The bending of a beam of light as it grazes
the sun may be explainedby an analogy withphys-
ical optics; in a high-potential gravitational field
light behaves as though it has a lower effective
velocity. The correction term introduced in
Einstein's theory is

V= c(l - ¢/02)

where the gravitational potential ¢ = GM/r.

Atthe orbit of the earth, ¢ /c2 = 0.992(10-8),
and at the sun's surface, 0.212(107%). If some
other frequency-dependent correctionterm exists,
it almost certainly is less than this observable
correction. '
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Fig. 1.

One can send signals past the sun and examine
the various frequencies for unpredicted differ-
ences indelays. Consider the situation illustrated
in Fig. 1: Since we have

V=rc@ - ¢./cz) =c(l - GM/rcz)

the transit time is

transit time

i
-
i

Geometrical arrangement of nuclear device, observer, and the sun.

r
_ 2 / © rzdr
e 1/2 GM
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o v cz>
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2 - ar - b2
- arcsin S +
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where
as= GM/c2
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then
1/2
r o= 2 [(r 2 bz)
c|\e
_ 1/2
r + (r 2. bz)
+ aln ©
b
2 ar - b2
L arcsin{——e—}+ T
o, 9 1/2 b(re - a) 2|
(b” - a)
Letb = Tsol = 0.696(1011)cm, grazing incidence

and rp = 1.49(1013)cm,
then
r = 0.994(10%) + 5.96(107™%) sec. The ratio of
dispersion delay to transit time is then 6 x 1078,
The competing natural process, that of the
supernova, is of the came order; e.g., assume
that a supernova occurs in a galaxy at a point 7 x
1021 em (about 7000 light years) from the center
and that within the sphere of this radius the mass
is that of 1011 suns, 1044 grams. For this ex-
ample '

1
¢ =10 >
and
¢/02 R 10_6.
The transit delay is then
R dr
T f GM
c(r+r
( g)
r
AR, 8 i)-1n R/r
c ¢ 2 g
c
where
7 ; 3
R/c = 10 years, rg/c =7 x 10" years.

7 -2
r=10 + 5 x 10 years,
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hence this ratio of delay to transmit time is 5 x 1079,
This ratio may be bettered for some actual super-
novae, but lack of knowledge of the gravitational
field at the position of the supernova reduces the
value of this observation: the controlled experi-
ment with nuclear devices offers the same nominal

-accuracy, but with fewer experimental uncer-

tainties.

If a dependence of light velocity on frequency
exists in a gravitational field, then electromag-
netic waves from stellar radiation sources would
suffer different deflection atdifferent wavelengths
when the ray grazes the sun. The accuracy of
such an observation could not rival the accuracy
of 10~ 10 which can be attained in a nuclear explo-
sion. Such an accuracy might be approached in
the narrow spectrum of visiblelight. In the much
broader regions of infrared and the even wider
range of short-wave radiation extendingto y rays,
accurate deflection measurements cannot be per-
formed.

To conclude this section, it would be most
surprising if the results of the experiment con-

- flict withthe predictions of the general theory. It

is not the purpose of the proposed experiment to
disprove the theory, but, in testing it, to add an~
other experimental verification of this elegant
structure of theoretical physics. '
GENERATION OF A RADAR PULSE

For the experiments outlined, it would be
useful todivert the largest possible portion of the
bomb's radiation into the radar region; normally,
the major part of the energy is carried by y the
and x rays. In an explosion an electric field is
builtup around the explosive due to the Compton-
recoil of electrons onthe surface of the bomb which
are hit by the early y rays from the incipient ex-

plosion. But the potential in this field is limited
to the energy of the y rays, that is to a few mil-
lion volts. '

The field canbe enhanced if foil is distributed
around the explosive. Then a few million volts
can be built up on the average between neighbor-
ing foils, due to emission of Compton electrons
by one foil and stopping of these electrons by the
nextfoil. Much more intensive fields can be pro-
duced in this way.

There exists a serious problem concerning
the reduction of the electric field due tothe dipoles
induced in the foil. One way to solve this prob-
lem would be to orient the foil in a direction



perpendicular to the field. Due to the short time
scale of the following events the foil will not lose
its orientation. But it may not be easy to orient
the foil.

A much simpler procedure would be to limit

the concentration of the foil. This will, however,
increase the meanfree path of the electrons trav-
eling between foils. As a consequence a lesser
field strength will be aftained. The foil concen-
tration should be adjusted to maximize the field.

It might be best to use dielectric material,
for instance, mica foil. Unfortunately the bom-
bardment of these foils by x rays and y rays will
render them conducting. One may provide shield-

ing inthe early stages against xrays. Conductivity

due to y rays may be decreased if a material is
used in which photoelectrons are readily trapped.
This question needs careful investigation.

In any case the distribution of foil can give a
strong, though somewhat uncertain, enhancement
of the field. I foil is distributed on one side of
the explosive, a strong dipole can be generated.
Emission with a maximum in the region of a hun-
dred megacycles canbe accomplished in this man-
ner. It may be possible to shift the maximum in-
tensity to higher frequencies by use of somewhat
elaborate arrangements which utilize the specific
mechanisms by which the electric fields near the
explosive canbe made todisappear in a very short
time.

Edward Teller, nuclear physicist, is a native of
Hungary who in 1941 became a citizen of the United
States.

Until 1939, he was absorbed by the pursuits of
the theoretical physicist, attempting to understand
the behavior of molecules, atoms and nuclei. But
the discovery of the fission process and the menace
of Nazi Germany drew him to work on atomic ex-
plosives.

Unlike many of the nucleor physicists who

" helped develop the world’s first atomic bomb, Dr.
Teller continued to work on nuclear weapons after
Hiroshima and the end of World War 1). He did this
in the firm belief that there were many unexplored
applications of nuclear energy and because he felt
that the United States would need advanced nuclear
weapons to successfully oppose future dangers. .

After World War lI, Dr. Teller made significont
contributions to developments of atemic weapons and
to the design of the world’s first hydrogen bomb. He
waos a member of the General Advisory Committee of
the Atomic Energy Commission from 1956 to 1958,
helped establish the Nation's second nuclear weapons
laboratory at Livermore, California, and served as
director of the Livermore Laboratory from 1958 to
1960.

Dr. Teller’s current research is concerned
chiefly with the peaceful applications of nuclear
energy. He has returned to academic life as Pro-
fessor-at-Large of Physics at the University of
California and as Chairman of the newly formed
Deportment of Applied Science at Davis and Liver-
more.
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CALCULATION OF THE SHOCK WAVE FROM AN
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UNDERGROUND NUCLEAR EXPLOSION IN GRANITE

Theodore R. Butkovich

Lawrence Radiation Laboratory, University of California
Livermore, California

ABSTRACT

The capability of calculating the close-in effects
of the shock wave from an underground nuclear
explosion has been demonstrated. Agreement was
obtained between calculation and measurements using
a spherically symmetric, hydrodynamic, elastic-
plastic code called SOC for the Hardhat event, a
5.kiloton nuclear detonation in granite. This capa-

INTRODUCTION

The capability of predicting the phenomena
from underground nuclear explosions on the sur-
rounding media is becoming increasingly impor-
tant. These predictions are useful in a number of
ways. Certain engineering criteria regarding such
things as stemming and placement of surface in-
stallations can be established. Possible damage
to existing undergfround structures from shock
effects can be determined. Shock wave propaga-
tion is also important in crater formation from
buried charges.

In any underground nuclear explosion, the
shock front that propagates from the shot point
carries with it energy from the explosion, and
distributes this energy by doing work on the sur-
rounding material. In the process, the material
undergoes changes in both its physical and me~
chanical states. If enough energy is deposited in
the material, it will vaporize or melt thus changing
its physical state, or cause it to crush or crack.

During the past few years, special computer
codes have been developedfor predicting the close-
in phenomena of underground nuclear explosions
using the laws of physics, and the knowledge of the
properties of the materials in which the detona-
tions occur. As a consequence, a better under-
standing of experimental observations and meas-
urements has evolved.
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bility is dependent upon having a more or less com-
plete description of the elastic and dynamic proper-
ties of the materials involved. When this information
is available, agreement within the limits of uncertain-
ty of the measurements can be calculated for peak
pressures, peak particle velocities, shock wave
time of arrival, and pressure pulse shapes.

A spherically symmetric, Lagrangian, hy-
drodynamic-elastic-plastic code called UNEC(Un-
derground Nuclear Explosion Code) (Nuckolls,

1959), was used in earlier calculations. Pre-
sently, a new code called SOC (Seidl, 1964) is
being used in making these calculations. SOC is

similar to UNEC in that it makes a rather direct
use of an experimentally determined shock Hu-
goniot, but differs in that it uses different equa-
tions for calculating elastic-plastic behavior and
internal energy. SOC also allows for strain-rate
effects such as occur during pressure buildup and
decay at the wave front.

Calculations, using the SOC code, were made
for the Hardhat event, a 5-kiloton nuclear explo-
sion. The device was detonated at the bottom of
a 950-foot-deep, vertical hole in granite at the
Nevada Test Site. The Hardhat event was chosen

_for these calculations, because of the rather large

number of different close-in measurements that
were made in a range extending from the hydro-
dynamic to the elastic regions.

MEASUREMENTS

For the Hardhat event, a variety of close-in
measurements were made on a horizontal radius
from the detonation point. An access shaft and
tunnel had been provided, and holes were drilled
from the tunnel for instrumentation (Figure 1),
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Fig. 1. Layout of instrumentation of Hardhat event.

In the hydrodynamic region, times of arrival
of the shock wave were measured with special
transducers in the range from 7. 35 to24. 1 meters
(24 to 79 ft) (Chabai and Bass, 1963). Peak pres-
sure measurements were made in two locations,
one of 460 kilobars at 5. 51 meters (18. 1 ft) (Chabai
and Bass, 1963), and another of 664 kilobars at
4,85 meters (15. 9 ft) (Lombard, 1963).

Inthe elastic region, there was an array of ac-
celerometers, velocity and displacement gauges,
and stress and strain measurement instruments
distributed in the range from 78 to 460 meters
(265 to 1500 ft) (Perret, 1963, and Swift, 1962).
From this, some measurements are of particular
interest here. The time of arrival as determined
by the accelerometers are shown in Figure 2. The
average velocity of the shock wave was 5526 me-
ters/second (18,130 ft/sec.). With this shock
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velocity Ug and the peak velocity measurements
Ups peak pressures were determined from the
Hugoniot relationship.

P = UpUSp0

where p is the initial density of the material.
Pressure history measurements were made in two
locations (Heusinkveld et al., 1962) with peak
radial stresses of 4.0 kilobars at 61 meters (200
ft)y and 1.2 kilobars at 106.7 meters (350 ft).

THE SOC CODE

Before any meaningful calculation can be at-
tempted, a more or less complete description of
the materials involved has to be obtained. The




Hugoniot equation of state, the shock energy to
vaporize and melt, plastic yield conditions, dy-
namic strength properties, and elastic properties
are all input to a SOC code calculation.. Some of
these parameters can be determined by rather
well developed techniques, but others are not
easily determinable and must be estimated on the
basis of other related measurements.

Except in the vaporized region, the equation
of state of the material is made up from experi-
mental data. When the material is vaporized, the
equation of state is expressed as a theoretical
pressure-energy-density relationship normalized
to the Hugoniot, and extending to the Thomas-
Fermi-Dirac region at high energies. In the li-
‘quid and plastic states, the material is repre-
sented by the Hugoniot curve relating pressure
and specific volume at the shock front. At the

shock front discontinuity, a nonlinear Richtmyer-
von Neumann artifical viscosity (q) is used. The
wave front is determined from a maximum in q,
which lies at the center of the discontinuity and
travels with the wave front velocity. During the
unloading, the Hugoniot can be corrected to ap-
proximate the unloading isentrope, by using an
appropriate Gruneisen I'.  When shock pressures
are great enough to vaporize the material on un-
loading, a transition to the gas equation of state,
is made irreversibly.

In spherical symmetry, there are two prin-
cipal stresses, (oy) normal and (oT) tangent to the
wave front. That is, a distinction is made between
these and the fluid-like pressure (P), where
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Fig. 2. Time of arrival data.




In the liquid state, the material is isotropic and

the shear is zero. However,
4 2
=P +-K =P -=K
Ur P 3 K and O’T P 3
where K, the so-called stress deviator is ex-
pressed by
o -
K = T Ur
2

K is calculated differently if the material is
crushed.

The plastic yield conditions are expressed in
terms of K (Seidl, 1964), where K is equal to or
less than the yield stress. For many materials,
the yield stress is a function of the strain rate.
When knowledge of this behavior is available,
different yield conditions can be imposed according
to whether the strain rates are high, as occurs at
the shock front, or the pressure is slowly rising,
or falling off on unloading.

The elastic region of the pressure-density
curve is required to agree with sonic velocities
in the material. In an isotropic elastic medium,
the two characteristic sonic velocities, longitu-
dinal (V,) and shear (vg), are related by

2 4
Vg Py k+3G
and
2
VsPo ~ G,

where G isthe shear modulus. P, Vg, and vg are
taken from in-situ measurements. The bulk mod-
ulus (k) can also be obtained from hydrostatic
measurements. Stephens (1963) has shown that
excellent agreement occurs between hydrostatic
and dynamic measurements in the elasticregion
for eight different rock types. .

Dynamic strength properties of the rock are
less easily determinable. The bulk tensile
strength of most rock masses are zero, or at
most very small, because of the highly fractured
state in which they are usually found. Dynamic
compressive strength of rocks are not as easily
obtained, and in most cases must be estimated,
perhaps, something like twice or three times
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static measurements. In the case where the ma-
terial has open cracks, the compressive stress
that can be supported without crushing the materi-
al is always less than when cracks areclosed and
also depend on the strain rate. If the material
does crush, then it is assumed that a type of
Coulomb friction exists, somewhat like the resis-
tance to shear for loose sand.

At the start of a calculation, the material is
divided into two or more regions, a central gas
region into which the energy from the explosion
is put as internal energy of the gas, and the re-
gions outside in which the material is initially
plastic-elastic. The regions are divided into equal
thickness zones tothe outside. This is the ground
surface in a vertical calculation, or extends some-
what beyond the region of interest inthe horizontal
case. After the shock wave has passed and the
energy from the explosion distributed, the materi-
al state of each zone may have changed by expand-
ing the vaporized region or melting it, dependihg
on whether the internal energyto vaporize or melt
was exceeded. Crushed or cracked regions form
if the peak stresses that developed in each region
exceed the crushing or tensile strength, respec-
tively.

THE CALCULATIONS

For the Hardhat event, predictions were made
based on a 5-kiloton nuclear explosion, 950 feet
below the surface in granite (Seidl, 1962) using the
best available data at that time. These predic-
tions were useful in determining instrument place-
ment, and for range and time settings of the meas-
uring equipment. Since then, more data on the
properties of granite have become available, and
with the measurements to compare with results,
adjustments of some of the input parameters for
granite used in the original calculation were made
to cause better agreement.

In determining the dynamic equation of state
of a material, measurements are made in the lab-
oratory by subjecting representative samples of
the material to strong shocks generated by high
explosives. Lombard (1961) has compiled data of
shock velocity (Ug) and particle velocity (Up) ona
number of rock types, amongst which is granite.
From these measurements the so-called Rankine-
Hugoniot conditions can be obtained:




Plog =1 g =g

P—PO
E - EO =——2——(1/p0 - l/p)

where P is pressure, E specific internal energy,

and p the instantaneous density. The subscripts
refer to initial values. Figure 3 is a plot of the
data for granite. The scatter at the lower pres-
sures is due to several causes. An elastic pre-
cursor of about 40 kilobars has been measured
for granite (Grine, 1960). This means that a two-
wave structure exists to about 320 kilobars; above
which the shock velocity is greater than the dilata-
tional sonic velocity. A number of polymorphic
transitions of the mineral constituents of granite
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Fig. 3. Hugoniot measuremements for granite.
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below 320 kilobars further complicate the inter-
pretation of the measurements.

In the elastic region, the equation of state of
granite is defined by the bulk modulus and the
shear modulus. Figure 4 is a plot of the granite
Hugoniot, whichis put into the SOC code as a lin-
early interpolated P vs u table, where ¢ = P/PO - 1.
In-situ seismic measurements of the dilatational
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and shear velocities in granite are 5440 meters/
sec (17,850 ft/sec) and 3050 meters/sec (10,000
ft/sec), respectively (United Electrodynamics,
1962). The average measured wave front velocity
of 5526 meters/sec (18,310 ft/sec) is in good a-
greement with the in-situ seismic velocities. De-
rived from the seismic measurements, the bulk
modulus and shear modulus used in the calcula-

-
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tionswere 0.361 and 0.315 megabar, respective-
ly. This corresponds to a wave front velocity of
5380 meters/sec (17,646 ft/sec) in the elastic re-
gion. Since the wave front velocity is greater at
pressures above about 320 kilobars, the average

“velocity is somewhat higher, so as to give good

agreement with the shock wave time of arrival
measurements. '

The dynamic properties of granite were esti-
mated and adjusted to obtain good agreement be-

tween measurement and calculation. To do this a
number of parameter studies were carried out by
varying specific input values to the code.

The dynamic yield stress for high strain rates
or fast-rising pressure pulses was made to be
consistent with the measured 40-kilobar elastic
precursor. However, the yield stress for aslowly
rising pressure pulse was varied from 10 to 1
kilobars. Figure 5shows the results for calcula-
tions using 10, 5, and 2. 5 kilobars. Reducing the
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Results of calculations of yield stress for a slowly rising pressure pulse.
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Fig. 6. Results of parameter study varying the compressive strength for the unconfined case.

yield stress further to 1 kilobar causedno further
change within the limits of the calculation. These
results suggest that when the material deforms
plastically at a lower yield stress, more energy
is deposited in the plastic state leavingless energy
available for the farther out regions; hence, the
peak pressures drop off more rapidly.

Birch (1942) reports static measurements of
compressive strength for granite of 10 kilobars
for confined tests and 1.5 kilobars for unconfined
tests. The dynamic compressive strengths were
assumed to be twice the values from static tests;
20 kilobars for the case when the material is con-
fined with no open cracks and high strain rates,
and 3 kilobars for the unconfined case with open
cracks or for slowly rising pressure pulses. A
parameter study varying the compressive strength
for the unconfined case was made to determine the
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effect on stress pulse shape. Figure 6 shows the
results of this study where the calculated radial
and tangential stress pulses are plotted for the
zone nearest 61. 8 meters (203 ft) from the detona-
tion center, where stress history measurements
were made. For the compressive strength of 10
and 5 kilobars, the material cracks when the tan-
gential stress goesto zero. The material remains
elastic-plastic and the radial stress remains high.
For a compressive strength of 3 kilobars, the
material crushes when the peak stress exceeds
this value, and the radial stress pulse shape very
nearly approximates the measured pulse shape.
The higher values of compressive strength make
the material more rigid than it is in reality. It
is of interest to note that the Hardhat tunnel col-
lapsed completely out to a radius of 137 meters
(450 ft) (Lombard and Cauthen, 1964). The peak
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radial stress at this point is 1.2 kilobars. Total
tunnel collapse should occur somewhat beyond the
limit of crushing, as the failure was primarily
due to spall.

The bulk tensile strength used in all these
calculations was zero; however, a calculation was
made assuming the tensile strength equal to the
over-burden of 77 bars. No appreciable differ-
ences were noted in the stress pulse shapes.

The T Gruneisen was setequal to 1.0, know-
ing that it was greater than zero and less than two.
Since the calculation was concerned primarily
with material behavior near the stock front, a
small error in the unloading isentrope would have
little effect there. Vaporization occurred behind
the shock front when the internal energy exceeded
0.584 x 1012 ergs per original cc. Meltingoccur-
red when the internal energy was greater than
0.093 x 1012 ergs per original cc. These values
are equivalent to a shock vaporization pressure
of 2.14 megabars and a shock melting pressure of
456 kilobars, if the Gruneisen T was zero, andthe
Hugoniot becomes the unloading isentrope. With
T being set equal to one, these pressures are
slightly higher. ‘

The calculation was made intwo steps. First,
a fine-zoned case was run to more precisely de-
termine the fall-off of peak pressure with distance
in the region above 100 kilobars, and the limit of
vaporization. The 5kilotons were distributed uni-
formly as internal energy of a sphereof iron gas,
with an average density and volume equal to that
of the device canister. The second case used
coarser zoning to cover the region below 100 kilo-
bars, where the pressure was falling off less
rapidly. It assumed that the initial density of the
gas was approximately equal to the total mass of
material vaporized, divided by the volume of the
vaporized region. In both cases, the average ini-
tial bulk density of granite was 2.67 g/cm3,

The peak shockpressure as a function of dis-.

tance from the detonation center is shown in Figure
7, along with limits of vaporization, melting,
crushing and cracking. Peak pressure falls offas
r-1. 94 in the region below approximately 1 mega-
bar for a 5-kiloton detonation in granite.
Pressure-history measurements (Heusink-
veldetal, 1962)at 61. 8 meters (203 ft) and 109.7
meters (360 ft) are plotted in Figure 8. Superim-
posed on these plots are the calculated pressure
histories for the nearest zone position. From
this, the curves are displaced 0.03 msec in time
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at most. The oscillatory shape at the calculated
curves is due to the mathematical methodthe code
uses. The true pulse shape should be more like
the envelope formed by the peaks. The large dis-
crepancy in arrival time between the calculated
and observed pressure pulse at 360 ft is attributed
to an error in instrument position determination,
since this is the only one of many measurements
that does not fall on the shock time of arrival
curve. )

The peak particle velocity vsradius is plotted
in Figure 9. The measurements shown were ob-
tained by integration of the acceleration-timedata,
and bydirect observation of velocity gauge signals.
Sandia data seem to indicate the velocity to be
falling off faster than that calculated. However,
measurements by Swift (1962) at 457 meters (1500
ft) seem to agree better with the calculation.

DISCUSSION OF RESULTS

The agreement between calculation and meas-
urements for the Hardhat event has demonstrated
the capability for predicting with considerable
accuracy the close-in effects of the shock wave
from an underground nuclear explosion. The dif-

. ferences that are noted are due to uncertainties
in the measurements of the phenomena, in meas-

urements of the material parameters, and the
fact that a spherical model was assumed.

Measurements of material properties upon
which the input parameters are based are made
on selected samples or in areas that are similar
to the detonation region, but are not necessarily
representative. Often there are large variations
in the structural geology for a given type of ma-
terial within one.area. Thepropertiesof the ma-
terials upon which the calculation is based must
exhibit an average behavior of the medium.

The code uses a spherical model, whereas in
reality the geometry of the device room in an un-
derground nuclear explosion is rarely spherical.
Also, the detonation is not truly a point source,
anda small displacement of the detonation center
can mean a rather large discrepancy inpeak pres-
sure within the first few meters.

The device yield itself is based on measure-
ments, and each measurement has an uncertainty.
The uncertainty can be due to anumber of sources.
such as time and position resolution or instru-
ment design and calibration. Some measurements
are obviously in error and are discarded because
of disagreement with other reliable values.




In the Plowshare group,
being made to better understand the phenomenology
of underground nuclear detonations by code de-
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a major effort is

velopment, obtaining better input parameters to
these codes, and improved measurement techni-
ques.
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CRATERING EXPERIENCE WITH CHEMICAL
AND NUCLEAR EXPLOSIVES®

Milo D. Nordyke

Lawrence Radiation Laboratory, University of California
Livermore, California

ABSTRACT

Over the past 13 years, a considerable body of
data on explosive cratering has been developed
which is applicable to nuclear excavation projects.
These data were obtained from more than ten cratering
programs using chemical explosives (TNT or nitro-
methane) ond seven nuclear cratering detonations.
The types of media studied have ranged from marine
muck to hard, dry basalt, although most effort has
been devoted to craters in NTS desert alluvium and
basalt. These data have led to the development of
depth-of-burst curves that relate crater dimensions
to the depth of burst and the yield of the explosive.
Comparison of these depth-of-burst curves with
similar data by Russion investigators reveals some
marked discrepancies.

INTRODUCTION

Over the past 13 years a considerable bhody
of data on explosive cratering has been developed
for application to nuclear excavation projects.
These data were obtained from some ten crater-
ing programs using chemical explosives (TNT or
nitromethane) and seven nuclear cratering deto-
nations. The types of media studied have ranged
from marine muck to hard, dry basalt, although
most effort has been devoted to craters in NTS
desert alluvium and basalt. Considerable effort
has also been devoted to the study with chemical
explosives of the use of linear explosives androws
of point charges. This paper is intended to be a
summary of these data and a statement of the un-
derstanding whichhas been developed from them,

To better understand cratering data, it is
best to establish a set of definitions for craters.

*Work performed under the auspices of the U. S,
“Atomic Energy Commission.
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Considerable effort has also been devoted to
the study with chemical explosives of the use of
linear explosives and rows of point charges. On the
basis of these studies it has been generally con-
cluded that the use of a row of point charges spaced
a distance apart equal to about one single crater
radius will result in (1) a smooth-sided ditch with
width ond depth approximately equal to a single
crater diameter and depth, (2) lips on the sides of
the ditch which are about twice the single crater
lip height, and (3) a lip on the end which is one-fourth
or less than the lip height on the sides of the ditch.
All row charge data to date are in desert alluvium.
Plans are being actively pursued to conduct a row
charge experimentin basalt with five 20-ton chemical-
explosive charges (nitromethane) in the near future.

Figure 1 shows the cross section of a typical cra-
ter in rock. For reference purposes, a detailed
and precise set of crater dimensions and termi-
nology are given in Appendix A. For thepurposes
of this paper, however, the simplified version
shown in Fig., 1 will suffice, The apparent cra-
ter is defined as that surface which is visible when
one-stands on the edge of the crater as measured
from the original ground surface. The true cra-
ter is defined asthe boundary between the broken
and crushed fallback material and the rock which
has been relatively undisturbed by the cratering
action. In general, a lip is formed around the
crater. The lip is composed of uplifted and de-
formed rock or soil with the upper portion of the
lip consisting primarily of material which has
been ejected and thrown out of the crater. For
the purposes of nuclear excavation, our primary
interest has been in apparent crater dimensions,
although it is obvious that the true crater plays
an extremely strong role in determining the char-
acter and usefulness of the crater.
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Figure 2 shows a schematic depth-of-burst kilotons. Distances or times associated with ex-
curve in which the crater depth or diameter has plosions of different charge weights can be put on
been plotted as a function of the depth of burial. the same scale for comparison purposes by di-
For surface burial a rather small crater is ob- viding them by wi 3. Quantities, such as pres-
tained. As depth of burial is increased, crater sures and velocities, are constant. Thus, at the
dimensions also increase until a maximum is same scaled distance and same scaled time we
reached. This maximum pointis generallytermed should have the same actual pressure inthe shock
optimum depth of burial. Increasing the depth of wave and the same actual particle velocities.
burial beyond optimum results in reducing crater However, the analysis that leads to wl/3 ignores
dimensions until ultimately a point is reached the action of several factors such as gravity and
where the effects of the explosion are contained the strength or internal frictional forces of the
in the ground. As will be seen later, the point of medium., While the extent of these forces is dif-
containment is somewhat difficult to define and is ficult to evaluate quantitatively, one can show
extremely variable from one medium to another, that their effect would be to lower the exponent

Some method must be used to correlate re- and lead toward wl/4 scaling. © Empirical anal-
sults from cratering explosions with different ysis of high-explosive cratering data in alluvium
yields or charge weights., Dimensional analysis has shown that W1/3.4 type of scaling best cor-
suggests the basic scaling law in which dimen- relates all of the high-explosive data.? Insuffi-
sions are proportional to wl/3, where W is the cient data are available in any other media to cal-
weight of the explosive in pounds, kilograms, or culate what scaling exponent should be used. In
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the absence of these data, W1/3'4 scaling has
been usedinthis paper for the scaling of all data.

It should be noted that the forces which lead
toward W1 scaling are most important for ap-
parent crater dimensions and do not as strongly
influence true crater dimensions. It is generally
recommended that W1/3 scaling be used for all
effects, except when discussing apparent crater
phenomena.

It is characteristic of explosion crater data
that very large scatter is encountered. This
makes interpretation of data very difficult and
requires a large amount of data for a high degree
of confidence to be developed. In addition, the
amount of scatter appears to be a function of the
yield of the explosion and the characteristics of
the medium. In desert alluvium, where the me-
dium breaks into rather small particles ranging
from gravel size down to fine dust, charge sizes
of 200 pounds are fairly adequate for obtaining
basic cratering curves. The scatter of the data
observed is approximately 10 to 15%. In a hard
rock medium, however, such as basalt, which
breaks into particles ranging from 6 inches up to

CRATER DEPTH
OR
DIAMETER

(ARBITRARY
UNITS)

6feet, 1000-pound charges result in craters which
have a very high amount of scatter. As a result
of cratering work in basalt, it has been concluded
that any charge weight smaller than 40,000 pounds
will not give significant data in basalt.

Since Plowshare is interested in the utiliza-
tion of cratersfor useful purposes such as canals
and railroad and highway cuts, we are interested
not only in the effects of point charges but also
the effects of rows of charges detonated simulta-
neously. The first portion of this paper will con-
sist of a summary of the point-charge cratering
data in the various media followed by a discussion
of the results from row-charge cratering work.

POINT CHARGE CRATERING DATA
Alluvium
Chemical-Explosive Data
Over the past 13yearsa large amount of data

hasbeen obtained onthe cratering characteristics
of the sand-gravel mixture known as NTS desert

CONTAINMENT

DEPTH OF BURIAL (ARBITRARY UNITS)

TYPICAL CURVE OF
CRATER DIMENSIONS VERSUS SCALED DEPTH OF BURIAL

Fig. 2. Schematic depth-of-burst curve,
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Fig. 3. Plot of high explosive (H.E.) and nuclear explosive apparent crater radius data vs

depth of burst; NTS desert alluvium, W1/3.4 gcaling.

alluvium. This has resulted from a number of
cratering programs from 1950 to 1955 sponsored
by the Department of Defense in connection with
determining the effects of nuclear Weapons,3’
as well as a number of cratering programs spon-
sored by the Plowshare Program from 1959 to
1963.5-7 The charge weights varied from 256 to
approximately 1,000,000 pounds. These chemical-
explosive cratering data are shown in Figs. 3and 4.
The dashed curves shown in Figs. 3 and 4 are
least-square fits to the 256-pound data. The
40,000-pound data were usedto calculate the pro-
per scaling exponent, which has been used in the
plotting of these data.

Of particular significance in the chemical-
explosive cratering data is the point represented
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by the Scooter explosion which was a 1, 000, 000-
pound cratering detonation at almost optimum
depth of burial. 7 The purpose of the Scooter
event was to confirm what kind of scaling should
be used inthe yield range of approximately 1 kilo-
ton. As can be seen, scaling the Scooter data
point by wl/3.4 scaling results in a very good
agreement with the rest of the high-explosive
cratering data in alluvium.

Figure 5 shows the two curves for depth and
radius of craters indesert alluvium from chemical
explosives from Figs. 3 and 4, together with two
curves for prediction of crater dimensions from
current Russian cratering work. Thefirst of these,
labeled '"Pokrovskii Theory,' is a prediction of
crater dimensions according to the equations8:




-

where

= charge weight in 1b

= depth of burst, ft

= apparent crater radius, ft

= apparent crater depth, ft

= medium density, g/cm3,

These equations are based on a theoretical ap-
proach to cratering by G. I. Pokrovskii, one of
the leading Russian experts in the subject of ex-
plosive cratering.

O N S

The second set of curves, labeled '"Sadowski
and Pokrovskii, " are the semiempirical curves
for craters

3.5

k Z 3
" R
W= = [o.4+ 0.6 (%) ]

2R - 7
D=7

which are recommended in the current Russian
Blasters Handbook9 and are credited to S. A.
Sadowski and G. I. Pokrovskii. This latter curve
is recommended for explosions where the depth
of burst is at a depth greater than 75 feet.
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crater dimensions curves.

As can be seen, these two Russian curves
compare quite favorably with each other, but are
significantly higher than our curvesfor desert al-
luvium, both with respect to depth and radius,
The medium considered here for the Pokrovskii
curves is characterizedby a density of 1.6, which
is the only parameter used in these equations.
For the Sadowskiand Pokrovskii curves, the con-
stant kb is estimatedto be equal to 1.5 for a sand-
gravel mixture.

Also shown in Fig. 5 isthe data point reported
for the 1,000, 000-kilogram chemical ~explosive
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Comparison of NTS desert alluvium apparent crater dimensions curves and Russian

crater at Tangansay in the Province of Kazak-
stan, 10 which was detonated in 1957. The pur-
pose of this crater was essentially the same as
the purposes of the Scooter crater, to determine
the correct scaling exponent to be used at large
yields. 11 The agreement between the experi-
mental Tangansay crater and the Russian curves
is remarkably good. The medium mentioned in
the reports available indicates it to be a clay-
loam medium. There does not appear to be any
reasonable explanationfor the wide divergence of
the cratering curves except the possibility of the




type of explosive used. Reportsavailable indicate
the explosive used in the Tangansay crater was
ammonium nitrate, United States experience has
not indicated thatthis explosive is as much better
than TNT as this crater would require,

Nuclear Explosive Data

Table I shows a summary of most of the per-
tinent nuclear cratering data that have been ob-
tained since 1951. Not shown is a large amount
of data obtained from explosions at much larger
depths of burst which will be discussed in a later
section. The nuclear data points for desert al-
luvium have been plotted on Figs. 3 and 4. These
nuclear cratering data include the Jangle S and
Jangle U cratering explosions at very shallow
depths of burial which were fired in 1951, Also
shown is the Teapot ESS explosion at a moderate
depth of burial which was fired in 1955 and the
slightly buried Johnnie Boy shot detonated in 1962,
All of these detonations were fired as part of nu-
clear weapons effects tests.

Another data point of extremely great signif-
icance is that representing the Sedan detonation.
Sedan was detonated on 6 July 1962 at a depth of

below extending to the hottom of the crater.

635 feet in the desert alluvium of Area 10 at NTS
very near the site of the Jangle U and Teapot ESS
craters. The yield of the explosion was approxi-
mately 100 kilotons. The crater resulting from
this explosion had a radius of about 600 feet and
a depth of 320 feet. Figure 6 shows a view of
Area 10 with the Sedan crater in the foreground,
the Jangle U and Teapot ESS craters in the right
background, and the Scooter crater in the left
background. The scale of the Sedan crater may
be judged from the construction equipment on the
lip of the crater in the foreground of the picture.
Figure 7 is a closer view of the crater showing
the true crater outcropping around the perimeter
of the crater. Figure 8 shows a still closer view
of the crater taken from one side of the lip show-
ing the outcropping of the up-turned true crater
surface with the talus slopes of fallback material
In
the bottom of the crater three men can be identi-
fied. The Sedan crater was very symmetrical
with the radius varyingbyless than a few percent
around its circumference., As can be seen in
Fig. 4, the Depth of the Sedan crater is slightly
larger than one would predict on the basis of the
chemical-explosive data and the use of wil/3.4

Table I. Summary of nuclear cratering data from the Nevada Test Site.
Dimensions of Apparent Crater

Shot name Medium Yield Depth of burst Radius Depth Volume Lip height

(kt) (tt) (£t) (£t) (yd®) (£t)
Jangle S Alluvium 1.2+0.1 -3.5% 45 21 1.65 x 103 -
Johnnie Boy Alluvium 0.5+0.2 1.75 61 30 5.3 x 103 10
Jangle U Alluvium 1.2+ 0.1 17 130 53 3.7x 104 8
Teapot ESS Alluvium 1.2+£0,1 67 146 90 9.6 x 104 20
Sedan Alluvium 100 + 15 635 604 320 6.6 x 106 15 - 100
Danny Boy Basalt 0.42 £ 0,08 110 107 62 3.6x 104 15 - 30
Neptune** Tuff 0.115 = 0,015 100 100 35 2.2 x 104 -

*Detonated 3.5 ft Above Surface

**Neptune was Detonated 100 ft Beneath a 30° Slope
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Fig. 6.
three earlier kiloton-range craters.

scaling. The crater radius in Fig. 3, however,
is significantly smaller than one would expect on
the same basis.

A great deal of serendipitious data have been
obtained from the nuclear weapons tests conducted
in Areas 3, 9, and 10of the Nevada Test Site over
the past several years. When a large nuclear ex-
plosion is detonated at a depth of burial much
deeper than optimum, a large underground cavity
is formed which ultimately collapses, resulting
in a large subsidence crater at the surface of the
ground. Figure 9 shows a schematic cross sec-
tion of such a crater as reconstructed from post-
shotdrill-hole information. Figure 10 is aphoto-
graph of atypical subsidence crater a few seconds
after it has collapsed. The data points for a
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Aerial view of Area 10, NTS showing the 100-kt Sedan crater in the foreground and

large number of these subsidence craters whose
sca}ed depths of burial vary from 300 to 700 feet/
ktl 3.4 have been plotted on Figs. 3 and 4. In
some cases the detonation point was located in
weakly cemented tuff, whereas in others it was
located in alluvium. In all cases the major por-
tion of the collapse chimney region was in allu-
vium. The nature of the medium surrounding the
detonationpoint has been indicated on the graphs.

These subsidence cratering data for large-
yield explosions have had a significant effect on
our predictions of the size craters expected at
large depths of burial in desert alluvium. Shown
on Figs. 3 and 4 as solid lines are the nuclear
crater curves that would be expected for large
nuclear explosions in desert alluvium. It should
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be noted that subsidence craters are only expected
in a medium such as desert alluvium where no
bulking during collapse is observed. In a rock-
type medium where bulking does occur, the volume
of the underground cavity would notbe transmitted
to the surface as it is in alluvium but would be
distributed throughout the chimney region in the
form of voids between the broken rock. In most
rockmedia the collapse region would, infact, not
even reach to the surface of the ground.

Basalt

Chemical-Explosive Data

The cratering data available for hard rock
are extremely sparse. The only data of any sig-

nificance at all on apparent crater dimensions
that was available prior to 1960 was from a cra-
tering program sponsored by the Panama Canal
Company as partof the 1947 Isthmian Canal Stud-
ies.12 This program consisted of about 20 cra-
tering detonations with the charge weights ranging
from 8 to 200 pounds. Because of the small charge
weight and the fact that the charges were cylin-
drical in shape, these data are not considered to
be relevant to the problem of nuclear excavation.

To obtain cratering data for hard rock that
would be useful to the Plowshare Program, Proj-
ect Buckboard was undertaken in the Summer of
1960. This program, sponsored by Plowshare
and executed in the field by Sandia Corporation,
was a direct result of the 1960 Isthmian Canal
Studies by the Atomic Energy Commission and

Fig. 7.
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Aerial view of Sedan crater showing construction equipment on edge of crater.




Fig. 8.

the Panama Canal Company and consisted of ten
1000-pound and three 40, 000-pound detonations
in basalt. The site was a basalt-topped mesa
in the Forty-Mile Canyon area on the west side of
the Nevada Test Site. Scaled depth of burial for
the 1000-pound shots varied from about 45 feet/
kt1/3-% to 230 feet/kt!/2-%. The three 40,000-
pound shots were at scaled depths of burial of 85,
142, and 185 feet/kt1/3.4. Thesedata are shown
in Figs. 11 and 12. The scatter of the data for
the 1000-pound shots would appear to be at least
+25% and visual observation of the craters leads
to the conclusion that 1000-pound charges in a
hard rock such as basalt do not result in mean-
ingful apparent crater data. The apparent craters
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View of Sedan crater taken from the lip and showing the outcropping true crater at the top
of the apparent crater, and the talus slopes below. Note the three men in the bottom of the crater.

for the 40,000-pound charges, however, would
appear to be much more relevant. It should be
mentioned that the crater resulting from the inter-
mediate shot at 142 feet/ktl/3-4 was half in cin-
ders and half in solid basalt. The effect of this
on crater dimensions was somewhat difficult to
estimate, but the unusually large dimensions of
this crater relative to the other craters made this
data point appear to be somewhat anomalous.

In an effort to obtain more and better data in
basalt, acrateringprogram was undertaken in the
Spring of 1964 by the U. S. Corps of Engineers
Nuclear Cratering Group at Livermore. This
program consisted of four 40, 000-pound shots
using the liquid high-explosive called nitrometh-



ane. These data are also plotted on Figs. 11 and
12. Thiscrateringprogram was conducted at the
same site as Buckboard and was called Pre-
Schooner.

Also shown on Figs. 11 and 12 is a curve fit
by eye to the 40,000-pound data. The 1000-pound
crater data, where the particle size of the fallback
was much larger in proportion to the crater than
for the 40,000-pound craters, and the data point

POST-SHOT SURFACE

4200

4000

CAVITY

3300~

TS

ELEVATION .

Fig. 9.
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for the anomalous Buckboard crater at 142 feet/
kt1/3. 4 were given essentially no weight. Com-
parison of the 1000-pound crater data and the
40,000-pound crater data does not ailow deriva-
tion of an empirical scaling exponent for basalt,
but it does indicate thata scaling such as W1/3' 4
is adequate and that W1/3 would not correlate the
data properly.

PRE-SHOT SURFACE

/APPROXlMATE
CHIMNEY BOUNDARY

PUDDLE OF
RADIOACTIVE GLASS

GLL-643-733

SCALE IN FT
N e )
0 50 100 200

Schematic cross section of a typical subsidence crater in alluvium.




Fig. 10.

Nuclear Explosive Data

The data points from the one nuclear crater-
ing event in hard rock, called '"Danny Boy", 14
are shownon Figs. 11 and 12. Thiswas a 0.42-kt
nuclear explosion buried at a depth of 110 feet in
the same basalt as was used for the Buckboard
and Pre-Schooner chemical-explosive cratering
programs. The crater dimensions are shown in
Table I. Figure 13 is an aerialview of the Forty-
Mile Canyon area showing the Danny Boy crater
in the center. The roads going off to the horizon
were used for fallout collection on the Danny Boy
event. Figure 14 is a closer aerial view of the
Danny Boy crater showingthe size of the fallback
debris in relation to the trucks on the lip of the
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Aerial view of a typical subsidence crater taken several seconds after collapse.

crater. Althcugh itis notapparent from this pic-
ture, the Danny Boy crater is very symmetrical.
The lip varies in height from 15 to 25 feet. The
data point for the depth of the Danny Boy crater
on Fig. 12 appears to agree fairly well with the
curve predictedon the basis of the high-explosive
data. Thepoint for the radius on Fig. 11 appears
to be approximately 10 to 15% below the curve,
This effect on the depth being approximately equal
to the high~explosive data and the radius about
10 to 20% low, corresponds to what has been ob-
served for desert alluvium.

Other Media

There have been numerous cratering pro-
grams in the past in a variety of media. Unfor-
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tunately, many of these data are not applicable
either because of failure to measure apparent cra-
ter dimensions, concentration of the data at too
shallow a depth of burst for our purposes, unusual
charge shapes, or the use of too small a charge
weight to give significant data. The onlyprograms
whose results have been found to be at all use-
ful to Plowshare are the cratering studies con-
ducted by the Panama Canal Company referred to
above.15-18 perhaps the best summary of what
cratering data do exist in other media is given in
the compendium recently published by the Water-
ways Experiment Station. 19

The only other nuclear cratering data in a
medium other than alluvium or basalt has come
from the Neptune event. 20 Neptunewas a 0.110-
kt nuclear cratering explosion detonated about
100 feet under the sloping side of the Rainier mesa.
The medium surrounding the detonation point was

tuff. The results of this explosion are summa-
rized in Table I.

LINEAR AND ROW CHARGE DATA

Alluvium

A number of cratering programs have been
carried out in alluvium to study the cratering
characteristics of linear and row charges. The
first program along this line, called '"Project
Toboggan, " was sponsored by Plowshare and con-
ducted by Sandia Corporation. 2l It consisted of
about 92 detonations using line charges in the
Yucca Dry Lake area at the Nevada Test Site.
Sponsored by the Plowshare Program, a great
deal of row-cratering work on a continuing basis
has been carried out by Sandia Corporation at its
field testing site near Albuquerque, New Mexico ,22
using charge weights ranging from 8 to 64 pounds.
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In an effort to obtain row-cratering data inthe
same desert alluvium in which the large amount
of single-crater data discussed above is available,
Project Rowboat was sponsored by Plowshare in
1960 in Areal0 atNTS. This program consisted
of eight detonations, each utilizing four 256-~pound
charges in a row detonated simultaneously. This
program was extended in 1963 by the U. S. Corps
of Engineers Nuclear Cratering Group in the Pre-
Buggy Program. 3 This program consisted of a
number of cratering shots utilizing 1000-pound
charges of nitromethane. Each detonation con-
sisted of five charges in a row, againdetonated
simultaneously. In an exiension of this program
in July 1963 conducted by LRL, termed Pre-
Buggy II, these cratering data were extended to
two unique geometries: One consisted oftwo cra-
ters connected end-on in an attempt to explorethe

roblem of connecting two craters. The other
unusual geometry involved 13 charges using the
same depth of burst, but three different spacings.

The Pre-Buggy area is shown in Fig. 15. The
two connecting craters are shown in the Pre-
Buggy Il area and are labeled CC'. The 13 charges
with three different spacings are labeled Row H.

The purpose of these row cratering experi-
ments hasbeen to determine (1) what is the effect
on crater dimensions of variation in the spacing
between charges; (2) what is the effect of spacing
on the irregularity or cusping in the crater; and
(3) what is the shape of the lip relative to the lip
obtained with point charges, both on the sides of
the crater and onthe ends of the crater. The con-
clusion from the existing row-charge data can be
summarized as follows: (1) use of a spacing equal
to approximately a single crater radius results in
a smooth-sided crater with apparent dimensions
of about 10 to 20% larger than expected on the
basis of single-charge data; (2) use of spacing of
about 1.25times a single crater radius results in
a ditch with dimensions approximately equal to
those expected from single charges; (3) using a
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spacingof1.5times a single crater radius results:

in a crater whichis somewhat smaller than a sin-
gle crater radius and quite irregular in cross
section. These three spacings were used for the
Row H and the effect of the various spacings can
be seen in Fig. 15 as well as in Fig. 16, which is
an aerial view of the Row H, Pre-Buggy II.

The other significant conclusion from the
above cratering programs is that when four or
five or more charges in a row are fired simuita—-
neously under conditions that result in a uniform
ditch, the lips on the sides of the crater are con-
siderably higher than wouldbe expectedfrom sin-
gle crater lips, being approximately 50 to 100%
higher, whereas the lip on the end of the crater
is virtually nonexistent. This effectis well illus-
trated in Fig. 17, an end view of one of the Pre-
Buggy craters showing the high lip on the sides of

the crater and the absence of lip on the end of the
crater in the foreground. This effect, of course,
is extremely significant when one is discussing
the concept of making a long channel where it is
necessary to connect a number of ditches.

It is interesting to compare the above criteria
on spacing with that recommended by a number_of
Russian handbooks onthe subject of cratering.”:
Although most of their interest has been in cra-
ters with depth of burial at optimum or 20 to 30%

" less than optimum, the recommended spacing they

give is equal to the radius of the crater plus the
depth of burst of the crater divided by two. For
the region of optimum, this is essentially the
same criteria as outlined above.

It must be pointed out that the above conclu-
sions with respectto row charges are based upon
cratering programs in alluvium or alluvial type

- Fig. 13. Aerial view of Buckboard Mesa, NTS, showing Danny Boy crater.




Fig. 14,

materials. At present there are no data on row
charges in anything like a hard rock. Since most
nuclear excavation applications will be in hard
rock, it is regarded as extremely important to
extend these conclusions to that medium. Plans
are currently under way for the execution of a
row-charge cratering experiment in the basalt at
Buckboard Mesa. As currently planned, this pro-
ject will consist of five nitromethane spheres,
each containing 40,000 pounds of nitromethane.
The planned depth of burial corresponds to a
scaled depth of burial of 185 feet/kt1/3-4,

CONCLUSIONS

~ As outlined above, a large quantity of crater-
ing data has been obtained over the past 13 years
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Aerial view of Danny Boy crater showing particle size of fallback in relation to ve-
hicles on lip.

. inanumber of media. One medium in particular,

NTS desert alluvium, has been exhaustively ex-
plored with both high-explosive point charges,
nuclear point charges, and high-expiosive row
charges. One other medium, basalt, has been
explored moderately well with large-yield charges
and cratering curves have been determined. These
two media, in general, are expected to bracket
the types of media to be encountered innature and
so the range of crater dimensions to be expected
for nuclear excavation projects will, in all prob-
ability, fall between these two. A large amount
of row-charge data has been obtained in alluvium.
A number of significant conclusions relevant to
nuclear excavationhave been drawn andplans are
being actively pursued to either confirm or deny
these assumptions in media other than desert
alluvium.



Fig. 15. Vertical aerial view of Pré—Buggy crater in Area 5, NTS.
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Fig. 17. End view of Pre-Buggy crater showing high side lip and absence of lip on the end.
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APPENDIX A

Recommended Crater Terminology

A serious lack of consistency of terminology
has characterized numerous articles published in
recent years reporting research in the cratering
field. The need for a uniform system of termi-
nology to provide a common basis of expression
has thus become increasingly apparent.

The system here proposed was developed as
a result of conferences held at the Lawrence Radi-
ation Laboratory in Livermore, California, and
at the Atomic Energy Commission Nevada Test
Site during November and December 1963 by rep-
resentatives of several organizations currently
engaged in research in the nuclear cratering
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field. 12,3 The purpose of the conferences was

to consider the problem of formulation of a unified
system of crater terminology.

An effort has been made to formulate both
notation andterminology which will have practical
use in the study and representation of nuclear and
high-explosive craters, and which will provide a
basis for an orderly expansion of terminology as
becomes necessary in the future.

1Plowshare Division, Lawrence Radiation Labo-
ratory, Livermore, California.

2U. S. Army Engineer Waterways Experiment
Station, Vicksburg, Mississippi

3U. S. Army Engineers, Nuclear Cratering Group,
Livermore, California.




RECOMMENDED CRATER NOMENCLATURE

Dy .

Da)

Pob ..

It

Dy ...

Ejecta .

. Maximum depth’ of apparent crater below preshot
ground surface measured normal to’ the preshot

eround surfa

. Depth -of apparent crater below average apparent
crater lip crest elevation.

Normal depth of burst tmeasured normal to preshot
eround surface).

Maximum depth of true crater below preshot ground
surface.

Depth of true crater lip crest below apparent crater
lip t.
Material above and or bevond the true crater and
includes: 11+ foldback; 121 breccia—ballastic tra-
jectory: 131 dust—aerosol transport: etc.

res|

Fallback . Material fallen inside the true crater and includes:

Hy -

Hy .

Lac . .
Ve -

Ra .

Note:

(11 slide blocks: 12) breccia and stratified fallback
—ballastic trajectory: 131 dust—aerosol transport:
11 talus: etc.

. Apparent crater lip crest height above preshot ground
surface.

. True erater lip crest height above preshot ground sur-

face.

. Apparent crater lip crest.

. True crater lip crest.
Radius of apparent crater measured on the preshot
zround surface.

The radius measurements pertain only to single charge
craters and represent average dimensionz. 1 crater
shape deviates substantially from circular. the direc-
tion of measurement must be specified. An average
radius value can also he determined by dividing the
plan area by 7 and taking the square root.

. Radius of apparent lip crest to center.

. Outer radius of displaced surface.

.Radius of outer boundary of continuous ejecta.

. Outer radius of true lip boundary.
Radius of true crater measured on the preshot ground
surface.

Radius of true lip crest to center.
Distance between the zero point and the true crater
surface measured in anyv specified direction. When
measured in a direction below the zero point is equiva-
lent to lower cavity radius.
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Sal - - -
SGZ . .
Sq .-

/A

Note:

Apparent crater surface, e.g. rock-air or rubble-air
interface.

Apparent lip surface.
Surface ground zere.
Displaced ground surface.

Preshot ground surface.

. True crater surface, e.g. rock-air or rock rubble inter-

face.

Volume of apparent crater below preshot ground sur-
{ace.

. Volume of apparent crater below apparent lip crest.

Volume of true crater below preshot ground surface.

Volume of true crater below true crater lip crest.

. Vertical depth of burst (equivalent to dob when

crater is formed on a horizontal surface).
Zero Point—effective center of explosion energy.

The following definitions apply to linear craters only.
Linear crater refers to the excavation formed by
overlapping crater effects resulling from a row of
charges. All above terms applicable to single craters
apply also to linear craters with the exception of the
radius terms which are replaced by the width terms
below.

. Width of apparent linear crater measured on the

preshot ground surface.

Width of apparent lip crest measured across linear
crater.

Width of displaced surface measured across linear
crater.

Width of outer boundary of continuous ejecta meas-
ured across linear crater.

Width of true crater outer lip boundary measured
across linear crater.

Width of true linear crater measured on the preshot
ground surface.

. Width of true linear crater lip crest measured across

crater.

*All distances, unless specified otherwise. are measured paral-
lel or perpendicular to preshot ground surface.
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CALCULATION OF EXPLOSION-P

RODUCED CRATERS

J; B. Knox

R. W. Terhune

Lawrence Radiation Laboratory, University of California
Livermore, California

ABSTRACT

This study develops a simple, two-dimensional
‘model of cratering physics for high-explosive sources
in alluvium during the gas acceleration phase of
excavation. The model requires knowledge of the
earth’s free-surface topography and motion at the
time the surface gas acceleration begins (tg), and
the cavity pressure and volume. At tg. the over-
burden material, that material between the cavity
and the earth’s free surface, is assumed to be a
homogeneous, incompressible, viscous fluid. At
this time the cavity is opproximated by two hemi-
spheres: (a) the radius of the lower hemisphere is
calculated by a one-dimensional, hydrodynamic,
plastic-elastic model (SOC), and (b) the radius of
the upper hemisphere-is calculated from mass conser-
vation of the overburden material. In the model the
upper hemispheric surface is subdivided into ele-
mental surface areas, and mass zones are defined
which subtend these elemental surface areas. By

INTRODUCTION

In this study, a physical-numerical model
is used to investigate processes important for
cratering with high-explosive sources in des-
ert alluvium., High explosives do not vaporize
much of the rock (or soil) surrounding the initial
cavity containing the explosive. Thus a relative-
ly simple, and in some cases a well-known,
equation of state exists for the high-explosive
cavity gas for an appropriate range of pres-
sures,
to vaporize a great deal of surrounding rock or
soil during the early part of the cavity life his-
tory (Nuckolls, 1959, Rawson, 1962), This va-
porized material is believed to condense late in
the life history of the cavity (Knox and Terhune,
1963), and prior to vent of the cavity gas to the
atmosphere, such that the latent heat of conden-

However, nuclear explosives are known -
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applying Newton’s second law witha simple frictional
force (calibrated on the Scooter event) to each mass
element, and by assuming thot the cavity gos behaves
adiabatically, the cavity evolution, mound develop-
ment, and the formation of the lip through up-thrust
are numerically simulated.

With the development of a calibrated, numerical
simulation model of excavation processes during the
surface gas acceleration phase, the capability of the
model to estimate the apparent crater radii and
depths for 1/2-kt, high-explosive (H.E.) sources at
various emplacement depths is explored. Assuming a
reasonable angle of repose for alluvium, 45°, crater
radii for scaled depths of burst from about 10 to 65 m
are predicted. These estimated apparent crater
radii compare very favorably with the observed
crater radii (Nordyke, 1961) for H.E. in alluvium.
Further, the crater depths, for certaintypes of craters,
are also reasonably predicted.

sation plays animportant role in nuclear excava-
tion. So far, no numerical-physical model of
the response of a geologic environment to a
nuclear explosive includes this effect of conden-
sation on the hydrodynamics at late times. Thus,
the calculation of the cavity pressure at late
times including the effect of condensation is one
of the current unsolved problems in the calcula-
tion of craters formed by nuclear explosives.
By restricting this initial study to craters formed
by high explosives, this cavity pressure prob-
lem is deferred. Further, by restricting this
study to the calculation of events in desert alluvi-
um, the need of estimating the amount, posi-
tion,” and kinematics of material fractured and
prepared-for additional acceleration by the cavity
gas pressure is temporarily avoided. This study,
then, develops a theoretical model (for H. E.
sources) of the cavity life history, the mound




development, and the formation of the lip (by up-
thrust) up to the time of vent of the cavity gas to
the atmosphere. Assuming a 45° angle of repose
for alluvium, and by normalizing the calculation
with a simple frictional forcetothe Scooter event,
it is possible with this model to estimate radii
of explosion-produced craters with reasonable
accuracy.

The gas acceleration phase of excavation
- with -high explosives is formulated as a simple
two-dimensional, initial-value problem requiring
knowledge of the earth's free-surface topography
and motion at the time the surface gas accelera-
tion phase begins, t_,, and knowledge ofthe cavity
pressure and volume. At tG, the model assumes
that the overburden material between the cavity
and the free surface is a homogeneous, incom-
pressible, viscous fluid. The initial subsurface
" cavity is approximatedin the model by two hemi-
spheres. The radius of the lower hemisphere is
calculated by asymptotic behavior of a one-dimen-~
sional, hydrodynamic, plastic-elastic model of
the response of a geologic environment to a high
explosive. The radius of the upper hemisphere
is calculated from conservation of mass in the
overburden material, and the homogeneous, in~-
compressibility assumption. At tg, the upper
hemisphere of the cavity surface is subdivided
into elemental surface areas, and mass zones of
overburden material are formed which subtend
these elemental surface areas. By applying New~-
ton's second law of motion with a simple friction-
al force to'each mass element, and by assuming
the cavity gasbehaves adiabatically, the evolution
of the cavi